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Abstract

In this thesis we investigate theoretical frameworks for the characterization of dark matter and
other new physics at colliders in combination with further experimental probes. To this end,
we examine different theoretical approaches. Next-generation simplified models are the new
benchmarks for LHC-based dark matter searches. We analyze and compare two commonly
used instances of this class of models, namely a two-Higgs-doublet model extended with
either a scalar or pseudoscalar mediator to the dark sector. We focus on the signatures in tt
resonance, mono-Z and mono-h searches. Those show an interesting interplay and distinguished
signatures in the two models. Turning to more model-independent approaches, in addition to
the dark matter searches, we investigate a new search channel for the rare Higgs decay to a
Z boson and a photon, using effective field theory. This decay could still exhibit significant
contributions from physics beyond the standard model. The proposed tt-associated production
channel has the potential to discover this decay already at the HL-LHC. This would set
strong constraints on so-far weakly tested modifications of the Higgs interactions. Back to
dark matter, we examine the extended dark matter effective field theory. This framework
allows the combination of various dark matter searches across different energy scales, in a
model-independent and theoretically consistent quantum field theory, while providing a valid
collider phenomenology. We perform parameter scans of increasing complexity taking all
relevant constraints into account, and identify new viable parameter regions. Those non-trivial
regions arise because of the more comprehensive framework, and are potentially testable in
upcoming collider surveys. To further show the flexibility of this approach we apply slightly
more specific versions to particular phenomenological interesting cases: di-fermion plus missing
energy signatures at (future) colliders, and the excess in low-energy electron recoil events
announced by the XENONIT collaboration.



Zusammenfassung

In dieser Dissertation untersuchen wir mehrere theoretische Ansétze fiir die Charakterisierung
dunkler Materie und anderer neuer Physik an Teilchenbeschleunigern in Kombination mit
weiteren Experimenten. Die neue Generation von vereinfachten Modellen ist der heutige Stan-
dard fiir Suchen nach dunkler Materie am LHC. Wir vergleichen zwei typische Realisierungen
dieser Modelle, ndmlich solche mit zwei Higgs-Doubletts und einem weiteren skalaren, oder
pseudoskalaren, Mediator zum dunklen Sektor. Dabei konzentrieren wir uns auf mogliche
Signaturen in Suchen nach tt Resonanzen, mono-h, oder mono-Z, welche ein interessantes
Zusammenspiel und signifikante Unterschiede in den beiden Modellen aufweisen. Danach
wenden wir uns modelunabhéngigeren Methoden zu. Zusétzlich zu den dunkle Materie Suchen
analysieren wir mit Hilfe effektiver Feldtheorie einen neuen Kanal fiir die Messung des seltenen
Higgszerfalls in ein Z Boson und ein Photon, da dieser signifikante Beitrdge von Physik jenseits
des Standardmodells aufweisen konnte. Mit Hilfe der vorgeschlagenen Suche in tt-assoziierter
Higgsproduktion ist die Entdeckung dieses Zerfalls bereits am HL-LHC moglich. Eine solche
Messung wiirde zudem starke Grenzen an bisher nur schwer zu testenden Modifikationen
der Higgskopplungen setzen. Zuriick zu dunkler Materie, hier beschreiben wir detailliert
die erweiterte effektive Feldtheorie fiir dunkle Materie. Dieser Ansatz stellt eine theoretisch
konsistente Quantenfeldtheorie dar und ermoglicht die komobinierte Analyse einer Vielzahl
von Experimenten iiber mehrere Energieskalen hinweg, sowie eine valide Phdnomenologie an
Teilchenbeschleunigern. Durch stetig verfeinerte Tests des allgemeinen Parameterraumes unter
Einbeziehung aller relevanten Einschrinkungen, kénnen wir in diesem Bereiche identifizieren,
die in einfacheren Beschreibungen bereits ausgeschlossen sind. Diese erlaubten Regionen werden
durch den hier beriicksichtigten, vollstdndigen Satz von Operatoren ermdoglicht und kénnen zum
Teil in zukiinftigen LHC-Experimenten getested werden. Um dariiber hinaus die Flexibilitét
dieses Ansatzes zu demonstrieren, verwenden wir leicht erweiterte Versionen um zwei phéanome-
nologisch interessante Félle zu beschreiben: Signaturen aus zwei Fermionen und fehlender
transversaler Energie in (zukiinftigen) Beschleunigern, und den Exzess im Riickstofsspektrum
niederenergetischer Elektronen, den die XENONIT Kollaboration beobachtet hat.

IT



Contents

Publications

1 Introduction

2 2HDM plus Scalar or Pseudoscalar

2.1

2.2

2.3

24

3.1

3.2

Model Setup . . . . . .
2.1.1 Scalar Potential
2.1.2  Yukawa Sector

2.1.3 Branching Ratios . . . . . . . . .. ...
General Constraints . . . . . . . . .. L oo
2.2.1 Theory and Precision Requirements . . . . . . .. ... ... ... ...
2.2.2  Astrophysical Constraints . . . . . . . . ... ... L.
2.2.3 Collider Searches . . . . . . . . . ..
Comparison of LHC Signatures . . . . . . .. .. .. ... ... .. .. .....
2.3.1 ttResonances . . . . . . . . ... ...
2.3.2 Mono-Z . . . ... e
2.3.3 Mono-h . . ...
2.3.4 Combination . . . . . . . ...
SUMIMATY . . . . o v o e e e e e e e e
3 EFT Approaches to New Physic Searches
General Concepts . . . . . . . . L
3.1.1 Construction . . . . . . . . ...
3.1.2 Examples . . . . . ..
3.1.3 Matching of UV theories . . . . . . . . . ... .. ... .. ... ...
h — Z~: an example for SMEFT . . . . . . ... ... ... ... ... .....
3.2.1 Analysis . . . . ..

3.3

3.2.2 Constraints on k
The Extended DM EFT
3.3.1 Scalar Mediator

/4 B

3.3.2 Pseudoscalar Mediator . . . . . . . ... ...

4 Phenomenology of the eDMEFT

4.1

4.2

Scalar Mediator . . . .

4.1.1 Dark Matter Phenomenology . . . . . ... .. ... ... ... .....

4.1.2  Collider Signals

4.1.3 Combined Results . . . . . . . . . . . .o

Pseudoscalar Mediator

4.2.1 Dark Matter Phenomenology . . . . . ... .. ... ... .. ......

4.2.2  Collider Signals

12
14
16
16
18
19
21
23
25
29
31
32

35
36
37
39
40
42
45
47
50
51
54

57
58
o8
61
64
76
7
79

II1



Contents

4.2.3 Combined Results . . . . . .. ... ... ... 80

4.3 Di-Fermions plus By . . . . . . . . 86
43.1 (HL-)LHC searches . . . . . . . .. ... .. ... ... .. ..... 90

4.3.2 CLIC Prospects . . . . . . . . . . . 91

4.3.3 Dark Matter Phenomenology . . . . . .. .. ... ... ... ... ... 94

4.4 The Xenonlt Excess . . . . . . . . . 94
4.4.1 General Setup . . . . . .. 95

4.4.2 Fitting the XENONIT Excess . . . . . . . .. .. .. ... ... ... 98

4.4.3 'Terrestrial and Astrophysical Constraints . . . . . . . . ... ... ... 101

4.5 SUMMATY . . . o o o o e e e e e 107

5 Conclusion 110
Acknowledgments 114
A Formulae for the Decay Widths 116
B Likelihood Analysis 121
References 123

1Y



Publications

The results presented in this thesis are based on the authors publications listed below:

I  G. Arcadi, A. Bally, F. Goertz, K. Tame-Narvaez, V. T. Tenorth and S. Vogl, EF'T
Interpretation of XENONI1T Electron Recoil Excess: Neutrinos and Dark Matter,
accepted for publication by Physical Review D, [arXiv:2007.08500]

II  T. Alanne, G. Arcadi, F. Goertz, V. T. Tenorth and S. Vogl, Model-independent
constraints with extended dark matter EFT, JHEP 10 (2020), 172, [arXiv:2006.07174]

IIT  G. Arcadi, G. Busoni, T. Hugle and V. T. Tenorth, Comparing 2HDM + Scalar and
Pseudoscalar Simplified Models at LHC, JHEP 06 (2020), 098, [arXiv:2001.10540]

IV F. Goertz, E. Madge, P. Schwaller and V. T. Tenorth, Discovering the h — Z~ decay in
tt associated production, Phys. Rev. D 102 (2020) no.5, 053004, [arXiv:1909.07390]

V  F. Goertz, K. Tame-Narvaez and V. T. Tenorth, Di-jet/eTe™+ MET to Probe Zo—Odd
Mediators to the Dark Sector, Eur. Phys. J. C 79 (2019) no.10, 860, [arXiv:1906.08007]

The following publications were prepared during the authors PhD studies but are not included

in this thesis:
VI J. L. Diaz-Cruz, U. J. Saldana-Salazar, K. M. Tame-Narvaez and V. T. Tenorth, Natural

2HDMs without FCNCs, [arXiv:2010.05923]

VII M. Bauer, M. Klassen and V. T. Tenorth, Universal properties of pseudoscalar mediators
in dark matter extensions of 2HDMs, JHEP 07 (2018), 107, [arXiv:1712.06597]


https://arxiv.org/abs/2007.08500
https://arxiv.org/abs/2006.07174
https://arxiv.org/abs/2001.10540
https://arxiv.org/abs/1909.07390
https://arxiv.org/abs/1906.08007
https://arxiv.org/abs/2010.05923
https://arxiv.org/abs/1712.06597




Chapter 1
Introduction

Since its first mention in the early 30s of the last century [1-4], dark matter (DM) has turned
from an “overdensity” in the Coma Cluster to one of the leading interests of fundamental
physical research. Despite the overwhelming progress in the field, and the large number of
robust astrophysical and cosmological observations, the underlying nature of DM remains
unknown. Nevertheless, our understanding of physics at the smallest and largest scales has
grown enormously in the last 90 years. This knowledge has culminated in the formulation of
two standard models, one for particle physics (SM), and one for cosmology (ACDM).

The SM is formulated as a Quantum Field Theory (QFT), and its field content has been
completed with the discovery of the Higgs boson at the LHC in 2012 [5,6]. The agreement
of the data with the SM predictions is shown in recent precision measurements [7,8|. The
dynamics of elementary particles are described by a Lagrangian with its operators respecting
Poincare invariance and the non-trivial local gauge group Ggy = SU(3). x SU(2)r, x U(1)y.
The bosonic force carriers related to these gauge symmetries in addition to the elementary
fermionic matter states make up the field content of the SM. It features 18 free low-energy
parameters which have to be determined by experiments. Besides the great success of the SM
in laboratory experiments, several problems remain unsolved. In this thesis we focus on ways
to probe the nature of DM.

The ACDM model is based on Einsteins field equations, and describes the evolution of our
universe since the Big Bang with only six free parameters. Among other observations it is
shaped by high precision measurements of the cosmic microwave background (CMB) from the
WMAP [9,10] to the Planck mission [11,12]. Those reveal the composition of todays universe
to be 69 % dark energy, 26 % DM, and only 5 % baryonic matter described by the SM [13,14].
The main constituents gave rise to the model’s name: A for a cosmological constant describing
dark energy, and CDM for cold dark matter, where cold means non-relativistic.

Besides its impact on the CMB power spectrum, via forming gravitational wells in the
plasma in the early universe, DM also leaves an imprint in many other observations. Examples
reach from the well-known flattening of galactic rotation curves [15] over the observation of
galaxy cluster mergers showing a clear separation of the gravitational potential and ordinary
matter [16] (including the famous “bullet cluster” [17]). In addition, DM is the crucial
component in simulations of large scale structure formation [18-20] in order for them to agree
with observations [21,22|. Therefore, evidence for the existence of DM reaches from galactic
to cosmological scales. This makes DM a fascinating field of research connecting a broad
range of observations and scientific findings. From all these observations, some necessary
characteristics of a DM theory can be derived [23], however, an experimentally confirmed,
fundamental explanation is still missing.

All this evidence provides excellent motivations and guidance for designing and performing
experiments. In the absence of new particles found at the LHC or other high-precision-physics
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experiments DM is among the clearest observational hints for BSM physics. While there are
trials of non-particle explanations, e.g. modified gravity [24], the aforementioned cluster merges
strongly suggests the existence particle-like DM with a very high confidence. However, neither
the DM mass, nor its interaction strength with SM particles can be determine by those mergers.
Hence, the range of proposed candidates is potentially broader than the range of evidence
for DM. The proposed candidates reach from axion-like particles, with masses ~10720 eV, to
(solarmass) primordial black holes, with masses > Mg ~ 10% eV. Reviews of (particle) DM
and proposed candidates can for instance be found in Refs. [25-31].

Among the proposed candidates, new elementary particles are probably the most discussed
option. While those still span a huge range, we will focus on “weakly interacting massive
particles” (WIMPs). They are (among others) motivated by the finding that a particle with
its mass, and its interaction strength to SM fields, both related to the electroweak scale can
“naturally” end up with the correct relic abundance. To this end, the simple thermal freeze
out mechanism is considered. This is also the main DM production mechanism considered
throughout this thesis. Here, the DM decouples (or “freezes out”) from the thermal SM bath,
when its average interaction rate drops below the expansion rate of the universe. This is the
so-called “WIMP-miracle”, or more appropriately “coincidence” (or “number crunsh”). Such a
particle is not only rather easy to include in many theories for physics beyond the SM (BSM),
but also served as a guideline for several new experiments. Experiments searching for DM are
performed in various ways and especially at very different energy scales, or better momentum
transfers. Combining and consistently describing those experiments in a manner which is as
general as possible is a theoretical challenge for which different solutions have been raised.

Let us first briefly look at the three main search strategies that are currently explored to
discover WIMP-like DM. Starting with the lowest momentum transfer, direct detection (DD)
experiments aim to observe the recoil of a nucleus caused by a DM particle; for an introduction
to DD see e.g. Ref. [32]. Since these recoil events are very rare, a low-background environment
and a dense detector medium are needed. The leading exclusion limits are obtained with liquid
xenon detectors, e.g. XENONI1T [33], PandaX [34], or LUX [35]. The second approach is called
indirect detection (ID), which searches for potential SM remnants of DM annihilations or decays.
The most promising indicators are gamma-ray lines, or an excess of antimatter detectable
via telescopes, e.g. H.E.S.S. [36], or satellite-based particle detectors, e.g. Fermi-LAT [37-39].
Promising search regions are those with a high DM density, like dwarf galaxies, galaxy cluster,
and the center of the Milky Way; for reviews see e.g. Refs. [40,41]. Finally there are collider
searches, which aim to directly produce DM in high-energy particle collisions; see e.g. Ref. [42]
for a review. As DM has no electric charge, it evades the detectors at colliders. For detection,
it has to be produced in association with a visible, highly energetic SM particle leading to
so-called mono-X events. The DM particle would then manifest itself via momentum imbalance
as missing transverse energy (Fr). The LHC experiments, ATLAS [43] and CMS [44], are
looking for an excess of mono-X events over the SM background [45,46].

While in principle those searches are independent of the exact model used to describe DM,
collider searches in particular need theoretical benchmarks to identify interesting kinematic
regions, and to optimize the search strategy and data analyses. Those benchmark models also
allow the characterization of a potential discovery, and the consistent comparison with the
non-collider searches. This is especially relevant since even in case of a Jp signal at the LHC
experiments, it is not unequivocally possible to relate this to DM. A simple reason for this is
that at the LHC, all electrically-neutral particles with a lifetime longer O(1078s) leave the
detectors, and are counted as Jp, while a proper DM candidate has to be stable over the



lifetime of the universe. Therefore, combining results from several experiments is necessary
to determine all properties and aspects of the DM candidate. For simplicity we will always
refer to invisible states in this work as DM, even if the cosmological properties are not those of
single-component DM.

In the end, there is of course a deeper motivation to develop adequate models for DM than
computing cross sections. The aim of particle physics is to develop a more fundamental theory
of nature, and DM is currently one of the most promising and clearest hints towards that.

In the pre-LHC era, phenomenological studies were dominated by complex models, such
as supersymmetry, composite Higgs, and others. Those models are designed to address the
hierarchy problem, and therefore, feature states close to the EW scale, which could have
been discovered in the early LHC runs. Their non-discovery lead to simpler and more model-
independent approaches to cover a higher variety of potential BSM realizations, especially in
the case of DM searches. The dark matter effective field theory (DMEFT) was initially used
to this end, and to allow comparisons of DD and collider searches. There, only one state is
added to the SM field content: the DM candidate, which is a singlet under the SM gauge
groups in the simplest realizations. Additional states belonging to more complex dark sectors
are assumed to be heavy, and are integrated out. Hence, the interactions of DM with SM
fields are parametrized via effective operators, typically of dimension six. Visible states needed
for the mono-X signatures are obtained via initial state radiation (ISR). This setup allows
for relatively model-independent comparisons of different searches with a small parameter
space, spanned by the Wilson coefficients and the DM mass; more details are given in Sec. 3.1.
Nevertheless, it was soon realized that the critical assumption for the validity of effective field
theories (EFT) gets potentially violated at the LHC. In fact the momentum transfer in LHC
collisions can be of the same order as the masses of the states integrated out. In this case, the
kinematics predicted in the DMEFT can differ significantly from models where the mediator is
taken into account explicitly due to on-shell effects [47-55]. Therefore, the general applicability
of the DMEFT for LHC searches is (at least) questionable.

To capture the effects of on-shell mediators, the so-called simplified models were developed;
see e.g. Refs. [56-59| for reviews. Those consider not only the DM candidate but also a
mediating particle as a propagating degree of freedom. Several ways to realize such simplified
models have been proposed for different types of DM, and especially for different spins of the
mediator. Also how the interactions with the SM are implemented can differ, still simplified
models share some common advantages. They capture the kinematics in particle collisions
correctly, need only a rather small set of parameters, and allow additional observables to be
included, for instance resonance searches for the mediator. On the other hand, they exhibit
several drawbacks, for example the implied coupling structure typically does not respect gauge
invariance. This leads to unitarity violation in several processes directly related to DM searches,
like the mono-Z cross section o(gg — Za) ~ In?(s). Due to the log-dependence on the center
of mass energy, /s, simplified models do not break down at energies available at the LHC, but
the energy dependence indicates the presence of additional contributions to this processes in
every gauge-invariant completion. Hence, in these interesting and relevant channels additional
states cannot be fully decoupled in general and could change the DM phenomenology. A
simple way to recover gauge-invariance would be via mixing the mediator with one of the SM
bosons. However, those interactions are strongly constrained by other, non-DM observables, like
Higgs-signal strength measurements, and exclude the parameter space of potential interest for
mono-X searches. This lack of viable theoretical completions renders predictions of simplified
models potentially unreliable, see e.g. [45,60-74]. From a positive viewpoint, this might hint
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towards a more complex and therefore more interesting new physics sector with impacts on
DM searches, and potentially accessible in near-future experiments. In fact, there is no reason
for the dark sector to consist only of a minimal particle content.

While these are mainly theoretically driven arguments, there are also experimental or
phenomenological motivations to go beyond simplified models. The simplicity of the these
models might render them too strongly constrained and prevent taking interesting channels into
account. Even though featuring a richer phenomenology than DMEFTs, they are associated
with a limited set of experimental signatures. In addition, the sensitivity reach of mono-X
searches is dominated by the mono-jet channel. Similar to the DMEFT the visible states
originate from ISR, and jets have the strongest interaction of those states. However, even
mono-jet searches are often sub-dominant compared to DD and resonance searches for the
mediator, especially for vector mediators. Therefore, the experimental collaborations are
interested in theoretically consistent models, which allow for a richer phenomenology and so
far unexplored channels for DM searches at the LHC.

The main topic of this thesis is to investigate two approaches aiming for a more sophisticated
description of DM searches. First, two established examples of so-called next-generation
simplified models are investigated in detail: a two-Higgs-doublet model (2HDM) plus an
additional scalar (S) or pseudoscalar (PS) singlet mediator. These models are new benchmark
scenarios for the LHC collaborations. They overcome many drawbacks of the simplified models
mentioned above with the price of a more complex field and parameter content, and an increase
in model dependency. We will place the focus on three specific collider signatures and their
interplay to constrain and potentially distinguish the two models.

The second half is dedicated to a detailed analysis of a new approach, the extended dark
matter effective field theory (eDMEFT). It features a mediator as propagating degree of
freedom, and accounts for additional new physics by consistently including effective operators
keeping a high level of flexibility and model-independence. The framework is faced with various
constraints in general parameter scans, and applied to two more specific scenarios to show its
broad applicability.

In detail, this thesis is structured as follows. We discuss and compare the important
benchmark scenarios of a 2HDM plus a scalar or a pseudoscalar mediator in Chapter 2. After
introducing the two models and their potentials in Sec. 2.1, we narrow the parameter space
with a list of general constraints in Sec. 2.2. In Sec. 2.3 we derive and compare the reach of
three dedicated collider channels for both models, namely ¢t resonances, mono-Z and mono-h.
Those limits are derived for the first time in the 2HDM+S. We discuss how to distinguish
the two models by the ratio of their signal strengths in different channels, and summarize in
Sec. 2.4.

To set the stage for the second approach towards a model-independent interpretation of
DM searches, we examine EFTs in Chapter 3. They can provide relatively model-independent
classifications of experimental results to discover new physics. Starting with a brief introduction
of general EFT concepts in Sec. 3.1, we take a small detour to a non-DM related analysis.
Precision measurements of the Higgs sector are a key test of the SM. In case of an observed
deviation, they can reveal BSM contributions hidden in other channels, or otherwise can
severely constrain them. To this end, in Sec. 3.2 we explore the potential to discover the decay
of a SM Higgs to a Z boson and a photon in tf-associated production. Projected limits can be
used to constrain new physics contributions. Afterwards the theoretical background for the
eDMEFT is introduced in Sec. 3.3.

The phenomenology of the eDMEFT is explored in great detail in Chapter 4. We start



with the case of a scalar mediator, and qualitatively discuss DM and collider related limits in
Secs. 4.1.1 and 4.1.2. In Sec. 4.1.3 we show how simplified models are naturally captured by the
eDMEFT in a gauge-invariant way. In addition, they are extended with additional operators to
open up parameter space, and finally a generic parameter scan is performed, taking all discussed
bounds into account. In Sec. 4.2 the analysis is repeated for a pseudoscalar mediator, which
features crucial phenomenological differences. To further show the flexibility of the eDMEFT,
we investigate two more specific scenarios. First, the case of a mediator charged under a Zo
symmetry is investigated in Sec. 4.3. The setup there is motivated by the smallness of the
first-generation fermion masses and can give rise to interesting collider signatures. Second,
we characterize the excess of low-energy electron recoil events recently announced by the
XENONIT collaboration in a variant of the eDMEFT containing two Zso charged mediators in
Sec. 4.4. Those mediators give rise to neutrino-electron scattering which significantly improves
the fit. The severe experimental constraints can be avoided by appropriately chosen parameters
and non-trivial mechanisms.
In Chapter 5 we finally summarize our findings and conclude.



Chapter 2
2HDM plus Scalar or Pseudoscalar

The search for DM is one of the major topics of the LHC program, and the requirements
for modeling DM have evolved over time. In fact, further-improved approaches have become
necessary due to the of problems the DMEFT and simplified models which are discussed in
the introduction.

In this chapter we investigate in detail two instances belonging to the next generation of
simplified models for DM and compare them with each other. Criteria for these are listed in
Ref. [45], as follows:

e theoretically consistent extension of a simplified model used by the LHC collaborations;
e generality to be potentially used in more complete theoretical frameworks;

e phenomenology versatile enough to encourage comparison of different experimental signals
and searches in unexplored channels;

e interest beyond the DM community to identify other (in)direct constraints.

Two notable examples of models satisfying this criteria are the 2HDM+S and 2HDM+PS [60,
61,64,66,72]. Here a 2DHM is extended either by a CP-even scalar S or CP-odd pseudoscalar
P mediating between the SM and the dark sector. Since they are singlets under the SM gauge
groups, they allow for a renormalizable coupling with a fermionic gauge singlet DM candidate .
The coupling to the SM is realized in a second step, where a portal is created by mass mixing
of the spin-0 singlet with the state of the second Higgs doublet, which shares its CP-property.
Hence, all interactions are invariant under the SM gauge group.

Beyond these theoretical advantages, the typical hierarchy of constraints from mono-X
searches in simplified models, where X originates from ISR [61, 75|,

mono-jet > mono-photon > mono-Z/ W* > mono-h

can be broken up. That is because in the 2HDM+S and 2HDM-+PS the mono-Z, and mono-h
cross sections can be resonantly enhanced [61,76]. This is in particular interesting, as constraints
from mono-jet searches are not expected to improve significantly in the near future. The
reason for this is that they are already limited by systematic uncertainties and therefore do
not benefit from only increasing the total accumulated luminosity [61,77,78|. On the contrary,
mono-Z/h searches are expected to improve significantly in the near-future LHC runs; thus it
is worth to investigate frameworks where they can lead to relevant constraints. In addition, the
2HDM+S and 2HDM+PS provide a broad variety of collider signals beyond simple missing
energy signatures; see e.g. Refs. [45,60,61,64-69].

It is important to note that, even as the 2HDM+S/PS are UV complete, in the sense that
all couplings are renormalizable and respect gauge invariance, they should be interpreted more
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as minimal benchmark models for LHC searches than full models. Therefore, the presence of
further BSM states is possible and not a contradiction.

While the 2HDM+PS was already used by the LHC collaborations, e.g. first by CMS in
the mono-h analysis in [79], a dedicated collider study for the 2HDM+S was missing prior to
our work in [80]. In addition, we work out similarities, and distinguishing features of the two
models.

This chapter closely follows Ref. [80] and studies various signatures, namely ¢t resonances,
mono-Z and mono-h, particularly relevant for the 2HDM+S and PS. Although these signatures
are present in both models, there can be sizable differences in the expected signal rates. This
opens the possibility of discriminating between the models in case of a future signal detection.
To this end we characterize similarities and differences in the two approaches by deriving limits
from current LHC data, and in case of the mono-Z channel, also from projections for future
HL-LHC runs.

We start with comprehensively describing the models in Sec. 2.1, focusing on their scalar
potentials in the Higgs and flavor basis and the relevant parameter space. Then we will give
an overview of experimental and theoretical constraints applied in general to 2HDMs and DM
models in Sec. 2.2. Those provide a guideline to narrow the extended parameter space for the
final LHC analyses. The main findings are presented in Sec. 2.3 with the analysis of the three
LHC signatures mentioned above, for the two models under consideration. We compare the
sensitivity reach of the channels among each other and among the models to point out how
they could be distinguished in case of an observation. Finally, we summarize and discuss our
findings in Sec. 2.4.

2.1 Model Setup

The two models under consideration feature an extended scalar sector with non-trivial potentials.
In the first part of this section those and the related parameter spaces are introduced and
homogenized. We then turn to the Yukawa interactions and discuss branching ratios of the
spin-0 states. These will become relevant for interpretations of the following analyses.

While a full review of 2HDMs is beyond the scope of this thesis and done in e.g. [81-83],
we focus on features regarding the analyses of mono-X searches and give the theoretical
background to simplify the following phenomenological discussions.

2.1.1 Scalar Potential

We start with a discussion of the scalar potentials of both models, and the applied symmetries
in order to simplify them. Besides introducing the notation, simplified versions of the potential
are given at the end.

In the most general form the scalar potentials of the two models can be written as

V (@1, @2, P) = Voup (P1, P2) + Vp(P) + Vpoup(®1, ®2, P), (2.1)
V(®1, @2, S) = Vaup (P1, 2) + Vs(S) + Vsaup (1, @2, 5),

where Vogp denotes the known potential for two SU(2) Higgs doublets and will be briefly
reviewed hereafter. The potentials Vg and Vp involve the scalar and pseudoscalar singlet
self-interactions, while Vgopgp and Vpopp contain their interactions with the two doublets.
Both will be explained in more detail below.
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2HDM  We point out basic properties of the generic 2HDM scalar potential relevant for our
analysis. The two SU(2)-doublets (®;, ®2) can be defined as

ot
D; = i), 2.3
% (vi + pi +im;) (2.3)

where ‘I>ZT" is the charged scalar component, p1 2 are even, and 7 2 odd under CP-transformation,
but all are not necessarily mass eigenstates. The vacuum expectation values (vevs) vy o are
usually parametrized in terms of

tan § = @, with v? 4+ 03 = v? & (246 GeV)?, (2.4)
U1

where tan g is in general a basis-dependent quantity. Choosing a specific scalar basis for the
Yukawa sector relates it to physical parameters [84,85].
The most general potential for two doublets reads

Vo (@1, ®2) =M @] @1 + M3,050, + [ME0L0; + e
+ AN (@]91)? 4 Ly (@l dy)?
+ X3(@] 1) (B1Ds) + Ay (P]D1) (D] D)
+ [1s(@be)? + {ns(@{@) + Ar(@f@s) } (@l@y) +hc ],

(2.5)

where in general the coefficients A5 67 and M%, can be complex. They and both vevs are taken
to be real to ensure CP conservation of the potential and vacuum [86,87].

As the doublets carry identical charges under the SM gauge group, we have the freedom to
choose a specific basis in terms of which to write the potential. A generic SU(2) change of

basis,
o o ol
/ — 2
(&) = () -0 (&) =)

where U is an SU(2) matrix, will result in a potential giving the same physical results but
with different coefficients for the new operators. Note that in our case, where all potential
coefficients are real, the freedom reduces to SO(2) rotations.

We will use this to change between the flavor and the Higgs basis [84,87]. In the Higgs basis
doublets will be labeled with (®p, ®f7). It is defined such that only one doublet develops a
vev and is identified with SM Higgs doublet. The rotation to the Higgs basis and the resulting
doublets are given by

G+
b, = o i by = N .
h = cos 3@y +sin 3 @ %(v—i—m—HGO) ,

(2.7)
H*

@ == — i @ @ = N N

iR cos I (;§<p2+ng>>’

where the SM Goldstone bosons G*, G°, and the charged scalars H* are already mass
eigenstates. The CP-even scalars p; 2, on the other hand, are linear combinations of the SM
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Higgs boson, h, the additional 2HDM scalar, H, and, in the case of the 2HDM+S, the singlet
mediator S. Instead, p3 is CP-odd and related to the 2HDM pseudoscalar A and, in the case
of the 2HDM+PS, is a linear combination with P. We will discuss the mass eigenstates and
the mass ordering separately for both cases further below.

The potential from Eq. (2.5) transforms to

Vatn(Bp, By ) =2, 8} &), + Moy + [M,%qu}{@h + h.c.]
+ 3M(@] )7 + FAu (@, 2p)°
+ A3(@] @) (D}, 0pr) + Aa(@F;@1) (D] @)
13s(@], @)% + {Xﬁ(qﬁl@h) n i7(<1>},q>H)} ol @), + h.c.} :

(2.8)

due to choosing the coefficients of Eq. (2.5) to be real, all parameters are real. The minimization
conditions of the scalar potential simplify in the Higgs basis, where only one doublet develops
a vev, to

M}, = —%XhUQ and Mp2y, = —%5\602- (2.9)

Z2-Symmetry and Alignment Limit As we will see in the discussion of the Yukawa couplings
in the next section, to ensure the absence of flavor changing neutral currents (FCNCs) typically
a discrete Zo symmetry is imposed, under which the doublets transform as ®; — +®; and
(I)Q — —@2.

When applied to the scalar potential in Eq. (2.5), this symmetry is slightly relaxed by
allowing for the soft breaking term proportional to M122, as it is needed to obtain the desired
mass spectrum. Therefore, we set

X6 = A7 = 0. (2.10)

The potential with this restriction will be referred to as the flavor basis, as each ®; interacts
with a specific fermion flavor, see Sec. 2.1.2.

So far, precision measurements of the Higgs couplings done by the ATLAS and CMS
collaborations show no deviations from the SM predictions, and restrict the Higgs to interact
very similar to the SM predictions [7,8]. In order to avoid these strong bounds, the original
papers [60,61,64,66] and experimental searches [46, 79| using the 2HDM+S/PS exploit the
alignment limit, where the light CP-even scalar part of the two doublets h has SM-like couplings
to fermions and gauge bosons. This limit can be ensured by a specific choice of the potential
coefficients [88]

Al =X = A3+ N+ 5. (2.11)

With this choice, transferrlng the potential parameters from the flavor to the Higgs basis is
particularly easy, as \; = A; for i = {1,h}, {2,H}, 3,4, 5 and in particular Ag = A7 = 0.
We note that cg_o 5\6 = 0, where « is the mixing angle of the CP-even scalars, and this
condition is typically used to denote the alignment limit.

Applying these two assumptions, the Higgs basis potential in Eq. (2.8) simplifies to

Varp (®h, Brr) =Mz, ®! & + M oL@y
+ 1A (@) @) + ((I)J;{(I)H)Q} + A3 (@] @) (@, @) (2.12)

+ A (@, 8,) (@ D) + 1as [(<I>L<I>h)2 n h.c.} :
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where we made use of the minimization conditions from Eq. (2.9). We will now turn to the
implications of the two considered scenarios with an additional singlet.

Pseudoscalar Extension The 2HDM-+PS specific parts of the potential from Eq. (2.1) are
given by [60,61,80]

Vp(P) = AMEpP? + 1\p P, (2.13)

Vot (B1, B2, P) = Apy(B]01)P2 + Apa(®5d2) P2 + p1oP <i<1>{c1>2 n h.c.) L (2.14)
Rewriting these in the Higgs basis leads to

V (D, @, P) = Vaup (Ph, @) + Vp(P) + Veorp (®h, @57, P), (2.15)

where Vapp is discussed in Egs. (2.8) and (2.12). While Vp does not change under the SU(2)
transformation, the interactions with the new defined doublets are given by

Voorn (®n, @1, P) =Agup (@40 5) P2 + A\ppp(®! &) P? (2.16)
+ e P2 (@] @ +hc.) + ppiz P (i@} @ +hc.)
with pupio staying unchanged and the coefficients transforming as
Arrp = sin? B Apy + cos? B Apa,
Aunp = cos? B Ap1 + sin? B \pa, (2.17)
Muip = sin 3 cos 3 (Ap2 — Ap1).

When written in the Higgs basis and with the alignment conditions in Eq. (2.11) applied,
the mass matrix of the 2HDM+PS is block diagonal and includes two parts. The first one is a
diagonal block containing two zero eigenvalues corresponding to the massless SM Goldstone
bosons G°, G*, and the squared masses M ,f, M%I, Méi of the CP-even mass eigenstates. The
second one is a two-dimensional block made up of the CP-odd states ps and P. Diagonalizing
it via their mixing angle

20 pp12

Sin29 = M,

(2.18)

gives rise to the physical mass eigenstates a and A with masses M? and ME}- According to
Refs. [61,64], we concentrate on M, < M4 and small mixing, such that a denotes the more
singlet-like state.

Together with the alignment conditions in Eq. (2.11), the original set of parameters A1 2345,
ME, M3, M2, M]%P, and ppio can be expressed in terms of My, My, Mg+, M, M,, sinf,
tan 8, and v.

Scalar Extension For the 2HDM+S, the singlet specific parts of the potential in Eq. (2.2) in
the most general expression, are given by

Vs(S) =2 M3sS? + LpusS® + 1agS?, (2.19)
Viorp (91, D2, §) =ps1(®1®1)S + p152(®502)S + pug125 <‘I>£‘I)1 + h-C) (2.20)

+ %ASl(QDJ{@l)SQ + %)\52((1)5@2)52 + %)\31232 <‘1>J£(I)1 + hC) ,

10
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where all coefficients are taken to be real to ensure CP conservation. The Agio term vanishes
due to the assumed Zs symmetry of the Higgs doublets. Extending this Zs symmetry to S
by choosing S — —S, in the potentials (2.19) and (2.20), the terms ug, us1, and gy would
be forbidden. However, they would be allowed in the case of the softly broken Z,. Since all
these terms would only affect the scalar trilinear and quartic interactions, they would have a
negligible impact on the phenomenology discussed in this work. Consequently, and in line with
the 2HDM+PS definitions in Ref. [61], we will not include them in our analysis. While later
on we are interested in a specific trilinear vertex, states from both doublets are required to
generate the relevant effect; see Sec. 2.3.3.

A similar procedure as in the 2HDM+PS would be possible to mix the CP-even scalars.
However, we take another approach here, which further simplifies the potential. We make the
additional assumption that the scalar potential in Eq. (2.2) features a Z5 symmetry under
which only S is odd, which is spontaneously broken by the vev of the singlet. Therefore,
all linear and cubic terms vanish independently of the basis choice for the doublets [64, 72].
Therefore in the Higgs basis, the singlet part of the potential

V(®h, ®n,S) = Voun(®n, @57) + Vs (S) + Vsoun (Pn, 51, S), (2.21)
with Vapp given in Eq. (2.12), simplifies to

Vsonp (@, P11, ) =2 A s (@, @)% + s (@] 85,) 52

. (2.22)
+ %)\hHssQ ((I)L‘I)H + h.C) s

where the coefficients transform according to Eq. (2.17). To reach the alignment limit, the
additional requirement

Ahhs =0 (2.23)

is needed to avoid mixing of the SM Higgs and S.

In the alignment limit the mass matrix of the 2HDM+S is made of a diagonal block containing
two zero eigenvalues, corresponding to the SM Goldstone bosons G°, G*, and the squared
masses M, ,%, Méi, Mi, plus a two-dimensional block. Diagonalizing this block of the CP-even
states pg and S, via a rotation with the mixing angle

2A\LHS VUS

sin20 = ————-, (2.24)
Mg — Mg,

leads to the two mass eigenstates S1 and Sz with masses Mg, ,. Again, we will concentrate on
the case Mg, < Mg, and small mixing, such that Sy is more singlet-like. With the alignment
conditions in Eq. (2.11) one can exchange the parameters 5\172737475, M3, M3, M2, M2, and
XhHS for My, Mg,, My+, M4, Mg,, sinf, tan 3, and v. The additional alignment condition
from Eq. (2.23) sets Ains, while Aggs and g remain free. This limit has the additional
advantage that the )\; do not change in an uncontrolled way when varying tan (.

To facilitate a reasonable comparison between the 2HDM-+PS and 2HDM+S and to avoid
variations with tan 3, we set

Airirs =0 and Anhp = Agrp = Anip = 0, (2.25)

11
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Model €d € €
Type I cot B | cot cot 3
Type Il | —tanS | cot 5 | —tan
Type X cotfB | cotB | —tanp
TypeY | —tanfS | cot 8 cot 3

Table 2.1: Values of the Yukawa scaling factors €, 4; which correspond to models with discrete
Zo symmetries.

for the rest of the chapter. The parameters A\p g are set to zero as they are not relevant for the
considered signatures.
Finally, applying all restrictions simplifies the potentials significantly to

V (@), @11, P) = Voun(®h, ®p1) + pip1s P (@L@H + h.c.) , (2.26)
V (@, ®51,5) = Vorn(Bn, ®51) + Anrrs S° (cb,tch + h.c.) , (2.27)

with the restricted 2HDM potential Vagp given in Eq. (2.12).

2.1.2 Yukawa Sector

For the collider phenomenology the interactions of the additional spin-0 states with SM fermions
are essential. Therefore, we investigate possible Yukawa structures of the two models, which
simultaneously avoid observational constraints.

In full generality, the Yukawa interactions of the SM fermions with the two Higgs doublets
can be expressed as

Cxann = = 30 (V)7 Qu@uicy + (V)7 Qhudly + (V) Ly@uby +hc) . (228)
n=1,2

Here )1, and L, denote the left-handed quark and lepton doublets. The right-handed singlets
for the leptons, up-, and down-quarks are denoted by fr, ugr, and dgr, respectively, and
P, = e®’ with e the two-dimensional antisymmetric tensor. Diagonalizing the fermion mass
matrices does in general not simultaneously diagonalize the Yukawa matrix anymore, because
each fermion gets two mass contributions. This can give rise to flavor-changing neutral currents
(FCNCs), which are strongly constrained by experiments.

The typical approach to avoid FCNCs at tree-level in 2HDMs is to introduce a Zy symmetry
in the Yukawa sector, which can be the same as the one in the scalar sector. The charges are
assigned to the right-handed singlets, such that only one of the two doublets ®1 > is allowed to
couple to a certain fermion flavor, and it goes under the name of natural flavor conservation
(NFC) [89,90]. There are four possible assignments of the Zg charges, which result in different
types of 2HDMs.

Another way to see how FCNCs can be avoided is by rewriting Eq. (2.28) in the Higgs basis

Lyukawa = — Y ((f/,y)” Qi Doy + (VN7 QLd,dl, + (V)Y L1460, + h.c.) . (2:29)
n=h,H

Here @}, corresponds to the SM Higgs doublet and the corresponding Yukawa matrices Y}? ot
have to be the SM ones. The matrices of the second doublet are then assumed to be proportional

12
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to them, namely
Vi=Ydyy and Y=Yy, (2.30)

with the scaling factors €; and @ = u, d, £. This Yukawa structure satisfies NFC, and is called
the Aligned Yukawa model [91-97|. In special cases, this structure can correspond to one of the
Zo symmetric Yukawa assignments, where the ¢; satisfy the relationships shown in Table 2.1.
We will concentrate on these cases in the following. Since we will only consider values of
0.3 < tan 8 < 3, our results will be valid for all Yukawa types included in Table 2.1.

The presence of the charged scalar H* allows for FCNC at loop level, which enables limits
to be set on tan 3, and the charged scalar mass. These also hold in the alignment limit that is
weakly constrained by many other Higgs physics observables: see Sec. 2.2.1.

The additional fermionic DM candidate, y, is assumed to be a singlet under the SM gauge
groups. It therefore, couples only to the singlet mediators via

Lspm=—-y; SXx, or  Lppm=—iyy PX7°x, (2.31)

in the 2HDM+S, or 2HDM+PS respectively. The DM couples to SM fields due to the mass
mixing of the SU(2) singlets S or P and the spin-0 state of doublet with similar CP-parity, as
discussed above.

2.1.3 Branching Ratios

The resonant production of mono-Z/h in the 2HDM+S/PS relies on the decay structures of
the additional spin-0 states. To get an initial feeling for interesting parameter regions we
compute and compare their branching ratios (BR) in both models. This will also be helpful
for the later interpretation of the obtained collider limits.

The plots of the BRs for the four neutral states are shown in Fig. 2.1 to Fig. 2.4 and will
be discussed consecutively hereafter. We use the parameter values given further below in
Eq. (2.43), and fix M4 = 500 GeV and tan 8 = 1. Due to the choice that tan = 1, our findings
and their interpretations are applicable to all four types of 2HDMs. Analytic expressions for
the dominant decay widths of all spin-0 states are given in App. A.

As mentioned above, in the alignment limit studied here, the couplings of h to SM fields
remain unchanged. However, its total decay width can be significantly enhanced in the presence
of kinematically available additional decay channels, where the most relevant ones are pairs of
the mediators a or Ss. Even for mediator masses above half of the Higgs mass, the three body
decays axx or Saxx can be sizeable and even dominate the Higgs width for small DM masses,
as the dominant SM decay to bb features a small Yukawa coupling. This is shown in Fig. 2.1.
For brevity only the new decays and the two dominating SM decays are plotted, as the other
decays behave identically.

The BRs of the light mediators a and S5 shown in Fig. 2.2 depict similar behavior in both
models. In the mass region relevant for mono-X searches, the decay to yy is kinematically
allowed. There the decay to DM dominates the width for y,, = O(1), even if the channel to ¢ is
accessible. Therefore, here we chose a higher value of m, to show the non-trivial decay channels
in the low M, g, region. Decays to SM particles arise from mixing with the corresponding
doublet state and are therefore suppressed by sin? §. We note that in the 2HDM+PS the BRs
to tt and gluons are slightly bigger than in the 2HDM+S.

While for the heavy scalars, H and S7, and pseudoscalar, A, the dominant decay is the one
to tt in both models, the subleading decays including a Z or a Higgs boson behave contrarily,

13
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10" . 10"
0 aa axx bb 0 SQSQ Sz/\)z bb
o =
T .0 T
glo E SIO E
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aa] M
, PS | S
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Figure 2.1: Dominant branchings ratios (BRs) of the SM Higgs-like scalar h as function of the
mediator mass M, g, for tan 8 = 1, my = 10GeV, My /5 = 500 GeV and other
parameters as in Eq. (2.43) in the 2HDM+PS (left) and 2HDM+S (right). For
brevity only the two dominant SM decays are shown. The other decays behave

identically.
10° ) 10"+ =
% XX m XX
- o
b <
T 107! tt T o
S ~ ) _ _
= cC = cC it
A . s
M
1072 : : : PS 1072 : : : S
100 200 300 400 500 100 200 300 400 500
M, [GeV] Mg, [GeV]

Figure 2.2: Dominant BRs of the light pseudoscalar a in the 2HDM-+PS (left) and the light
scalar Sy in the 2HDM+S (right) as function of their masses for tanf = 1,
my = 100GeV, Mp/g, = 500 GeV and other parameters as in Eq. (2.43).

1074 = 10° 4 -
tt tt
> <
< < XX
T 10 T 107¢
T )
=
7 a’ =
) PS ) hs g
1072 , ; ; . 1072 ! } } }
100 200 300 400 500 100 200 300 400 500
M, [GeV] Ms, [GeV]

Figure 2.3: Dominant BRs of the heavy scalar H in the 2HDM+PS (left) and S; in the
2HDM+S (right) for tan3 = 1, Mp/g, = 500GeV, m, = 10GeV and other
parameters as in Eq. (2.43).
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10° 10°
tt tt
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Figure 2.4: Dominant BRs of the heavy pseudoscalar A in the 2HDM+PS (left) and 2HDM+S
(right) for tan 8 = 1, M4 = 500GeV, m, = 10GeV and other parameter as in
Eq. (2.43).

shown in Figs. 2.3 and 2.4. The heavy pseudoscalar A in the 2HDM+S and the heavy scalar H
in the 2HDM+PS decay to the Z.Ss, or Za final state respectively, which enables the resonant
enhancement of mono-Z production as discussed in detail below. It is important to note,
that the BR(H — Za) in the 2HDM-+PS is bigger by roughly a factor of two with respect to
BR(A — Z55) in the 2HDM+-S, due to the smaller decay width of scalars to top-quarks, and
the resultant smaller total width and larger BR. In the 2HDM+S, the heavy scalar S7 has BRs
of O(10%) to hSq, decreasing with Mg,, and xx via mixing with S. In the 2HDM+PS the
heavy pseudoscalar A features analogue decays to ah and to xx with BRs of similar size. In
both models the former decays enable resonant production of mono-h final states.

With the proper defined models at hand and first insights into their behavior, we turn now
to various general constraints, which further narrow down the parameter space.

2.2 General Constraints

In this section we give a brief overview of various constraints on 2HDMs relevant for the studied
cases mainly from non-collider experiments. Those constraints serve as a guideline to narrow
down the parameter space introduced above, such that the remaining parts can be tested in
the dedicated collider analyses in Sec. 2.2.3. The DM properties of the 2HDM+S/PS are also
discussed.

2.2.1 Theory and Precision Requirements

First, we briefly review theoretical requirements and precision tests, which will lead to simpli-
fying assumptions, for instance the mass-degenerated limit, and a lower bound on the masses
of the spin-0 states.

Perturbativity and Unitarity Theoretical limits on the coefficients of the scalar potentials are
obtained by requiring perturbativity, unitarity and being bounded from below; for a general

discussion for 2HDMs see [83,98-101|. Those bounds can be approximately summarized by
A SO(1).
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In case of the 2HDM-+S details and exact expressions for those bounds can be found in
e.g. [72,80]. There are also scattering processes of the type ¢;¢; — ¢y taken into account for
the perturbative limit. We note, that bounds on the quartic couplings can be re-expressed in
terms of upper limits on the mass splittings between the scalar eigenstates; see e.g. [72,76].

Specific unitarity constraints for the 2HDM+PS rely on the amplitudes of the processes aa,
aA, AA — WTW~ and have been studied in [74]. Requiring perturbativity on top of unitarity
strengthens the limit on the scalar masses down to My g g+ < O(TeV) for sizable mixing,
which is needed to generate the desired collider signatures [45,61].

Electroweak Precision Tests It can be shown that the scalar potential for the 2HDM-+S in
Eq. (2.2) and (2.21) breaks the custodial symmetry [102-107], in particular the A4, A5 and
ArHs terms. This leads to contributions to EW precision observables. The most relevant
observable is the p parameter, which receives a contribution of

1
Ap= gy [F(M3a, M3) + G F (M, M2) + 3 F (M}, M3,)
(4m)*v (2.32)
— G F(M3, ME,) — 53 F (M3, M,) |,
where
Fla,y)= 228 2Y log@) (2.33)
9 r—y y/’ :

One can verify that Ap = 0 for Mg = Mpy+ [64].

A similar relation holds for the 2HDM+PS potential in Eq. (2.1) and (2.15). With the
replacements M4 — My, Mg, — My, and Mg, — M,, Eq. (2.32) leads to Ap = 0 for
My = Mp=. This leads us to the assumption of mass-degeneracy: My = My+ = My,
where EW precision constraints are automatically fulfilled in both models. We will adopt this
assumption for the rest of the chapter.

As soon as a small mass splitting between the scalars of the second doublet appears, limits
from EW precision can become very constraining. This implies Mg, ~ M4 ~ Mg+ and
0 <0 < m/4 for the 2HDM+S and My ~ Mg ~ Mg+ and 0 < 0 < /4 for the 2HDM+PS.
Our choice of Mg, > Mg, in the 2HDM+S, and M4 > M, in the 2HDM+PS, is motivated by
the fact that for a resonant enhancement of mono-Z and mono-h a mass hierarchy between
the (pseudo)scalars is required. For more details on EW precision constraints for these models,
see [61,64].

Flavor As explained above, we are considering specific realizations of the 2HDM in which flavor
violating processes are forbidden at tree level through suitable assignments of the couplings of
the SM fermions to the two Higgs doublets. Nevertheless, FCNCs can be induced at loop level.
A comprehensive discussion of the possible bounds has been performed in [108]. Among them,
the most relevant bounds come from b — s transitions, in particular the B — X v process,
whose rate is mostly sensitive to tan 5 and Mp+. Those transitions mostly constrain 2HDMs
featuring tan S enhanced interactions of the BSM scalars with down-type quarks, namely
types II and Y, see Tab. 2.1. For them, a lower bound of Mg+ > 570 GeV can be derived,
which is weakly sensitive to the value of tan j.

Additional constraints, from By — pTp~ and B — Kutpu~ processes, affect models of
type II for moderate to high values of tan 5. Models of type I and X have tan 8 suppressed
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interactions with quarks, and are only constrained in a small region of the parameter space for
tan 5 < 2.

Using the relations imposed by EWPT and requirements on the scalar potential, the bound
on Mg+ can be translated into bounds for the masses of the other BSM scalars, see also
e.g. [109,110]. It is worth to note that flavor bounds are typically sensitive to further BSM
contributions, which could relax them significantly. Therefore, we will also include smaller
scalar masses in our scans.

2.2.2 Astrophysical Constraints

Astrophysical and cosmological observations define the properties of a valid DM candidate,
and set strong limits on its interaction strength with SM particles. In this section we briefly
review how those requirements can be realized in the models under consideration.

Direct Detection The DD prospects are very different for the two models. In the 2HDM-S,
the DM generates spin-independent (SI) interactions with nucleons due to ¢-channel exchanges
of the scalar mediators at tree level. This is described by the operator |64, 72]

,CN:CNO{V:CN)_(XNN, (2.34)
where
CN = YxSoco — (Mél - M§2> (Guf:nu + € Ed: fr, + 9 3 Ir, | (2.35)
q: 78

The coefficients €, are given in Table 2.1, and the coefficients fg can be found in [111]. Such an
interaction is well within the reach of current detectors for y, , tan 5 ~ O(1), sg cy ~ O(0.3) and
Mg, ~ O(TeV), apart from the regions where negative interference effects become important [72],
see also Sec. 4.1.1. In the following section on collider searches we focus on light DM where
DD is insensitive, therefore acting as a complementary search.

In the case of the 2HDM+PS, the DM-nucleon interaction from tree-level exchange of the
pseudoscalar mediators leads to spin-dependent (SD) cross sections, and is described by the
operator [111]

Ly =éy OF = én xin®x Niv®N, (2.36)

where the effective coefficient ¢y is given in e.g. [112,113]. In the non-relativistic limit [114-120],
this operator reduces to

,CNE46N (§X®(§N®, (2.37)

where 5, 5§ are the DM and nucleon spins, respectively, while ¢'is the momentum transfer.
The corresponding cross section is hence suppressed by the fourth power of the momentum
transfer, and experimentally relevant only for very light masses of the mediators [112,113,121].
At one-loop level, SI nucleon-DM interactions emerge which are within the reach of next
generation detectors like XENONnT and DARWIN [121-127]; see also Sec. 4.2.1.
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Indirect Detection and Relic Density Adopting the WIMP paradigm, the DM relic density
as well as eventual ID signals rely on the DM annihilation processes. The case of the 2HDM-S
has been studied in e.g. [64]; see also Sec. 4.1.1 for a related discussion. The possible annihilation
channels are ff, 5151, S159, S2So, HYH—, HYW¥F, AA, AZ, Sih, and Ssh, where f denotes
all SM fermions with m; < m,. All these annihilation channels are characterized by p-wave
suppressed cross sections. While it is still possible to achieve the correct relic density in special
kinematic regions, for example around the resonances m, ~ Mg, /2, or m, 2 Mg,, we do not
expect measurable ID signals due to the p-wave suppression.

The phenomenology related to ID and the relic density for the 2HDM+PS has been dis-
cussed in [45,110,123,124|. In the alignment limit, the DM abundance is determined by the
kinematically accessible annihilation processes among ff, hA, HA, H*WT, HZ. aa, aA, and
AA. While the annihilation channels into two pseudoscalars are p-wave suppressed, the other
chanels have s-wave dominated cross sections, and are also relevant for ID; see also Sec. 4.2.1.
Nevertheless, the aa channel can be relevant for the relic density, especially for very light a.
We note that despite the s-wave enhancement, the correct relic density can typically only be
obtained for rather tuned parameters, for example in the resonance region m, ~ M,/2.

With respect to ID, the s-wave nature is crucial to obtain a possible signal due to the much
smaller DM velocity at present, compared to the early universe. Possible signals are mostly
accounted by the bb, tt and ha channels, where the last one gives rise to four fermion signatures
like bbbb. For heavy DM, the hA, HZ and HTWT final states may play a role as well, while
the other channels are negligible. However, no dedicated studies for DM annihilations into
a gauge and a Higgs boson exist so far. As discussed in [45], FERMI-LAT bounds [128] on
the bb and tf channels can probe DM masses from 190 GeV up to around 400 GeV, therefore
offering a complementary approach to collider searches.

2.2.3 Collider Searches

The extended scalar spectrum of 2HDMs is subject to a broad variety of collider searches.
Resulting constraints have recently been summarized in [129]. In the considered limits of
mass-degeneracy and alignment, many of those vanish, e.g. from searches for A/H — hZ.
Exemplarily, we study the recently updated A/H — tt search from CMS in more detail in the
next section, as it is among the most relevant searches for the tan 8 range under consideration.

Here we will comment on searches related to DM, namely for Higgs-to-invisible, tt + F7, and
mono-jets, and check their constraints on the parameter space. The mono-Z and mono-h final
states are discussed in detail in the following section, because they lead to the most stringent
and interesting limits for the 2HDM-+S/PS.

Higgs-to-invisible As discussed in Sec. 2.1.3, even in the alignment limit the light states a or
Sy represent a new dominant decay channel for the SM-like Higgs if My, 2 2M,,/g,. For light
DM, the three-body final state a/S2 x X can also be relevant, even above the kinematic threshold
quoted above, as shown in Fig. 2.1. As a and S dominantly decay to DM, Higgs-to-invisible
searches are sensitive to those decays. Such an analysis performed by ATLAS [130] in various
production mechanisms gives

BR(h — inv) < 0.26 (0.17107) (2.38)

for the observed (expected) upper limit on the Higgs-to-invisible branching ratio at 95%
confidence level. Using the decay widths from Sec. 2.1.3, we find a lower bound of M, /g, %
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100 GeV for m, = 10 GeV with a mild residual dependence on the degenerated masses of the
heavy Higgs and couplings. Therefore, we start the parameter scans in the following section at
M,/s, = 100 GeV.

We note that a stronger limit has been reported in [131,132] after this analysis, which does
not qualitatively change our findings.

tt + F1 New spin-0 mediators with large invisible widths can be searched for in the tf + Fr
and bb + Fp channels. The most recent experimental searches have been reported in [133,134].
Their results have been interpreted in simplified DM models. As long as M, < M4, they can
be applied to the 2HDM-+PS by applying the scaling relation [45,61]

o(pp — tt + Fr)onpmeps _ ( Yy sin 0 )2' (2.39)

o(pp = tt + F1)DMosimp Gy 9q tan 3

A similar relation applies for bb 4+ J with the replacement of tan 3 according to Table 2.1.
As discussed in Ref. [45], in analogous manner the limits of [133,134] can be applied to the
2HDM+S, as long as there is a substantial mass splitting between the BSM scalars. In the
case where the new scalars have comparable masses, the )1 spectrum features distortions with
respect to the simplified models. Hence, more refined procedures to map the experimental
limits on the models under consideration should be applied. However, in Ref. [46] it was shown
that the t£ + Jp exclusions are sub-dominant for the 2HDM+PS. Therefore, we do not derive
explicit bounds from those searches.

Mono-jet Similarly to heavy flavors+J, searches, experimental constraints from mono-jet
searches are typically interpreted in simplified models. In the limit where the second doublet
is decoupled in mass, the kinematic distribution of mono-jet events are essentially the same for
simplified models and the 2HDM+S/PS, with respect to the singlet-like states. The second
doublet can be effectively decoupled in the mono-jet production, since the jets originate from
ISR, and the additional states have no significant effects there. Experimental limits can be
applied to our setups by using scaling relations analogous to Eq. (2.39).

As mono-jet events provide the strongest bounds among ISR signatures 75|, we explicitly
checked promising points with the CheckMATE [135] implementation of the ATLAS search
in [77], and found no excluded points for tan 5 = 1 in either models. This agrees with findings
for the 2HDM+PS in [61], where mono-jet sets a limit of roughly tan 8 < 0.5 for maximal
mixing of sin@ = 1/v/2. However, this region is already excluded by other constraints and
therefore we do not investigate this further.

The recent ATLAS mono-jet search [136] with 139 fb~! of data was not taken into account
as it was published after the original analysis. For the 2HDM+PS, an analysis with this data
is performed in [137]. The authors find significant contributions of the mono-jet search to the
overall sensitivity, especially for M4 ~ 800 GeV, or sinf = 1/v/2. They find no new exclusions
at 95% confidence level in the mass-degenerated limit.

2.3 Comparison of LHC Signatures

After reviewing constraints relevant in general for 2HDMs and DM models, and describing
their impact on the parameter space of the two models, we will now turn to LHC signatures of
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particular interest for the 2HDM+S/PS. By dedicated collider simulations, we obtain limits
for the leftover parameter space and discuss how the searches and models compare to each
other. While ¢ resonance searches are relevant for many theories with extended scalar sectors,
the 2HDM+-S/PS were designed to be sensitive to the mono-Z/h channels [45,61]. As we will
show, the simultaneous discussion of mono-Z and mono-h provides the potential to distinguish
between the two models. Combined the three considered searches are complementary to each
other.

Before turning to the actual simulations and their results, we briefly discuss topics in common
to all three processes. We give an analytic description of the resonant production mechanism,
which will become useful for interpreting our findings, as well as a summary of the studied
parameter space and the program chain used for the signal generation.

Resonant Production As discussed above and in Ref. [45], a desired feature of the 2HDM+S/PS
is the resonantly enhanced production of mono-A and mono-Z signals. In the narrow width
approximation, the production cross section for a spin-0 s-channel resonance S, with mass M
and total decay width I'tot, subsequently decaying into a final state X, can schematically be
written as [138]

1 T'(S—X

a(pp—)S—>X):m o ) ZICiCZT(S—M'), (2.40)

where s is the squared center of mass energy. The sum runs over all possible partonic initial
states i, for example quark-(anti)quark and gluon pairs in proton-proton collisions. The

corresponding k-factors K; include higher-order QCD corrections. The weight factors C; that
account for the proton parton distribution function (PDF) and color factors are defined as

e M?
_ dz 2.41
Cyg 8 Jurys @ 9(90)9< o > ) (2.41)
472 b dx _( M? M2\ _
Cu="5 [, 5 (55 ) +a(55 ) ). (2.42)

with ¢(z), g(z) and g(z) being the PDFs of the corresponding quark, anti-quark or gluon,
respectively, and x is the conventional Bjorken scaling variable. Note that to derive the results
in the following, we do not rely on this approximation. Since it helps to understand the features
of the exclusion limits discussed below, we verified its validity in the relevant parameter space.

In general, the two main production mechanisms for the states from the second doublet are
gluon fusion and bb initial state. We show the production cross sections of H/S; and A as a
function of their masses for gluon fusion (bb initial state) production in the left (right) panel of
Fig. 2.5 for sin® = 0. For tan 8 = 1, the gluon fusion production cross sections are about 100
times larger than that of bb initial states. Only for tan 8 >> 3 in 2HDMs of types II and Y, does
bb-initial state production become important. Therefore, in our considered parameter space of
0.3 <tanpg < 3, we can safely neglect it, such that the results hold for all types of 2HDMs.
The lower limit is motivated by the fact that the widths should be significantly smaller than
the masses together with the exclusions shown below. The production cross section of the
pseudoscalars is larger compared to the scalar ones due to their CP structure, shown in Fig. 2.5
and e.g. [110,139]. In the 2HDM+S, the S; production gets modified through the mixing with
So. In the 2HDM+PS, the production of A gets accordingly modified by a. We focus here on
small mixing angles causing differences smaller than 10%.
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Figure 2.5: Production cross sections for the heavy scalar H /S1 and pseudoscalar A through
gluon fusion (left) and bb initial state (right) as function of their mass Mx in the
2HDM-+PS/S as given in Eq. (2.40). The plot depicts the case of tan 5 = 1 and
sinf = 0.

Parameter Overview For a better overview, we summarize our choice of values and ranges
for the free parameters of the two models. They are motivated by various constraints discussed
above and used for the Monte Carlo simulations and other examples throughout this chapter

My = Mpys = Myys, € [200, 1500] GeV
M,.s, € [100, 500] GeV

v =1 =1 (2.43)
my = 10 GeV

sinf = 0.3

tan 8 € [0.3, 3].

Signal Generation The parton-level signal events for the mono-Z and mono-h processes are
simulated with MadGraph5 aMCQ@QNLO [140-144] at next-to-leading order (NLO) in QCD
with the recommended 263000 PDF set (NNPDF3.0) [145] provided through LHAPDF6 [146].
For the parton-showering we use the MadGraph built-in Pythia 8.2 [147] package. Where
needed, a fast detector simulation is applied with the help of Delphes 3.4.2 [148], using the
provided CMS card as the ATLAS card showed problems in the muon reconstruction efficiency.
The final cuts and selection criteria are implemented in MadAnalysis 5 [149, 150].

The correct implementation of the program chain and analysis is checked in detail by
reproducing the mono-Z and mono-h exclusion limits for the 2HDM+PS presented in [45, 46].

2.3.1 tt Resonances

We start with searches for tt resonances since they are a powerful tool to test models with
extended scalar sectors in general, and the 2HDM-+S/PS in particular. These searches lead to
strong exclusions nearly independent of the additional singlet. If the masses of the additional
spin-0 particles exceed the top-threshold, Mp/g, 4 > 2m, they dominantly decay into a pair
of top quarks, see Sec. 2.1.3. While S5 and a in the upper mass region could also decay to tt,
their production and decay rates are suppressed by sin? @, hence leading to no exclusion limits,
as a consequent we concentrate on H, S7 and A.
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Figure 2.6: Shaded regions indicate the 20 observed exclusion limits from ¢f resonance searches
by CMS [151] in the M4 f/s,~tan 8 plane for the 2HDM+S (top) and 2HDM+PS
(bottom). The parameters are fixed to M, 5, = 400 GeV and the values from
Eq. (2.43), besides breaking the mass-degeneracy as described in the text. The
limits derived from searches for the scalar (pseudoscalar) resonances H/S; (A) are
given in orange (red).

One aspect complicating the analysis, is that the signal processes interfere non-trivially with
the SM background and themselves, if various mediators are considered simultaneously. This
was described and taken into account by the ATLAS analysis in [152]. There, the results are
interpreted in a 2HDM of type II, for the case in which only one mediator contributes to the
signal® as well as for the mass-degenerate case where both mediators contribute simultaneously.
As the latter case gives significantly stronger constraints, deriving exclusions for a single
mediator serves as a conservative estimate. The most recent results for /s = 13 TeV and an
integrated luminosity of 35.9fb~! are provided by CMS in [151]. The limits are presented in
terms of simplified models with either a scalar or a pseudoscalar mediator with Yukawa-like
couplings to tops and in the hMSSM. Here, a 1.9 ¢ “signal-like deviation” is observed that would
fit to a pseudoscalar with mass of around 400 GeV. Therefore, limits in that mass range are
not significantly stronger than the ones from the previous ATLAS analysis with /s = 8 TeV,
but reach further in mass.

The additional light state a/S2 can have a non-trivial impact on the limit due to interference
effects, see Sec. 7.1 in [45]. However, this effect is expected to be small for our choice of the
mixing angle, sinf = 0.3. A detailed analysis of the impact of interference and combining

'Physically, this could for example correspond to a limit where one mediator is much heavier.
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9 t . g t .

Figure 2.7: Feynman diagrams for the resonant production of a mono-Z signal via gluon fusion
production in the chosen mass hierarchy for the 2HDM+S (left) and 2HDM+PS
(right).

the limits for the two heavy states is beyond the scope of this thesis. Instead, we recast the
stronger CMS limits for single mediators to our parameter space, interpolating between the
different total width to mass ratios given in Ref. [151]. This can be seen as breaking the
assumption of mass-degeneracy, and taking one spin-0 state to be much heavier than the other,
which then does not contribute to the tt production. In the end we combine the limits from
the two cases in each model. As commented above in the context of [152], this can bee seen as
a conservative estimate, since the bounds get significantly stronger by taking the contribution
of both mass-degenerate states H/S; and A into account.

The limits are shown in Fig. 2.6 in the M4 /g, —tan 8 plane for the 2HDM+S (top) and
2HDM+PS (bottom). We choose the setting in Eq. (2.43) with M, g, = 400 GeV, and loosen
the assumption of mass-degeneracy. Due to changes of the total width a mild dependency on
the mass of the light state remains, which is shown in Fig. 2.13 and 2.14 for tan 5 = 1.

With the effective coupling approximation for the dominant gluon fusion production in
Egs. (2.40) and [153], it can be understood that pseudoscalar resonances provide stronger
constraints than scalar resonances. This is because the decay widths of pseudoscalars to quarks
and gluons are bigger than those of scalars, in the mass range M4 >2my, see Sec. 2.1.3 [154].

In the 2HDM+S, the couplings of the heavy scalar S; to quarks are reduced due to the
mixing with the singlet S5, while couplings of A are unaltered. As a consequence, the exclusions
for S; reach up to tan 8 = 1, while the exclusion for A exceed tan 8 =1 for M4 g, < 550 GeV.
In the 2HDM+PS instead, the stronger constrained pseudoscalar A mixes with the singlet
a, slightly weakening the exclusions for it, while the couplings of H remain unchanged. This
leads to similar constraints from ¢t searches for A and H in this model, which are overall
slightly weaker than the ones for the 2HDM+-S. Nevertheless, in both models, for masses of
the heavy Higgs around 500 GeV, tf resonance searches provide a strong lower limit on tan 3
and essentially exclude values of tan 8 < 1. The similarity of the (combined) exclusions in the
two models is caused by coincidences in theory and experimental data.

2.3.2 Mono-Z

The mono-Z final state offers a very promising new channel for DM searches, which could
be used in simplified models only to a small extend. We will show that mono-Z contributes
already very competitive constraints in the models under consideration. To estimate its
future prospects, we rescale the current exclusions to the high luminosity phase of the LHC
(HL-LHC). In addition, Ref. [76] showed that the mono-Z signature is a general feature for
2HDMs extended by pseudoscalar mediated DM, and that its relevance does not rely on the
concrete realization. Searches for mono-Z in the cleanest final state, where the Z boson decays
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leptonically?, are performed by ATLAS and CMS in Refs. [155-157]3.

To generate a strong mono-Z signal, the heavy neutral doublet component which does not
mix with the additional singlet has to be produced as a s-channel resonance. This state,
meaning the scalar H in the 2HDM+PS and the pseudoscalar A in the 2HDM+S, can decay
to a Z boson and the light state a or Ss, respectively. These further decay to xx with a high
branching ratio, as shown in Fig. 2.2. The Feynman diagrams for this processes are shown in
Fig. 2.7 for the dominant gluon fusion production. For a better understanding of the following
results, we briefly discuss the J spectrum of the signal process.

Er Spectrum The maximum value of the missing transverse energy J can be obtained
from kinematics and is given by [61]

max \/)\(MA,Hv MSQ,aa MZ)

= 2.44

where A(my, ma, mg) is given in Eq. (A.17) and the first (second) subscript is used for the
2HDM-+S (PS). The missing energy spectrum is given by

LAN Fr (2.45)

which is a monotonic increasing function in Ep up to Fp . However, detector smearing
effects are expected to increase the maximum value of F7 to ?aX’D > E7™. he resulting
distribution is expected to be peaked close to fp = E;lax, instead of having its endpoint there.

Example Fp spectra are shown in Fig. 2.8 for the mono-Z final state after applying a
detector simulation and using the same binning as in [155]. We plot the 2HDM-+PS and the
decay Z — eTe™ for two assignments of the pseudoscalar masses, namely M, = 250 GeV,
M4 = 700GeV (solid line) and M, = 150 GeV, M4 = 400 GeV (dotted line). For the first
(second) case, the spectra peaks around Fr7"" ~ 300 (160) GeV as given in Eq. (2.44). Events
populating higher bins are due to detector effects. For comparison we also show the predicted
smoothly falling SM backgrounds and the observed number of events as provided in [155]. The

Erp spectra for Z — ptpu~ and the 2HDM+S are nearly identical.

Backgrounds As shown in Fig. 2.8, the main background? for mono-Z searches is the
irreducible ZZ production, where one Z decays to neutrinos. Another important, though in
principle reducible background is W Z production, where one lepton from the W-decay escapes
detection, or a 7 decays hadronically such that the W appears as £. Minor contributions to
the background, especially in the lower Fp-bins, come from Z+jet processes with poor Erp
reconstruction and non-resonant £¢ production. The backgrounds and their uncertainties are
estimated from simulations and data-driven methods. For details see [155,157] and references
therein. For both the electron and muon final states, the uncertainty on the total number of
background events is dominated by systematic uncertainties, especially from the Z+jets and
ZZ in gluon fusion processes.

2Here and in the following leptons denote electrons and muons.

3We note that the CMS results in [157] were published after the original analysis had been performed and we
quote them for completeness.

4Not to get confused by the logarithmic stacking.
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Figure 2.8: Top panel: Fp spectra for gg — ete xx in the 2HDM+PS for M, = 250 GeV,
M4 =700GeV (solid line) and M, = 150 GeV, M4 = 400 GeV (dotted line), while
the other parameters are set to the values given in Eq. (2.43). The expected SM
backgrounds and observed events are taken from [155], and shown in different colors
with their combined uncertainty displayed as a hatched region on top.

Lower panel: The observed events (points with error-bars) and signal plus back-
ground expectation (solid line) both as ratio to the background expectation, together
with the background uncertainty (hatched region).

Current Constraints To determine constraints on the models, we use the ATLAS results
in [155] as they are also used by the LHC-DMWG, and are easier to reproduce than the
(slightly stronger) results obtained by CMS in [156,157]. To be explicit, for our exclusion
bounds we use the expected number of background events b and the corresponding uncertainty
op from [155], together with our simulated event numbers s for various parameter points. The
sensitivity for the i-th bin is given by [45, 158]

Zi:\/Q ((s+b)1n[m]—$1n[l+m]), (2.46)

which can be seen as a likelihood-inspired generalization of standard definition Z = s/v/b + o3 [158].
The values for the Z; are added up quadratically to find the square of the overall sensitivity
Z2. One expects to exclude parameter points with Z > 2(5) at 2 (5)o confidence level. The
expected limits, see Fig. 2.9, obtained in this way, are very similar to the observed ones in [46].
Therefore we can use the expected mono-Z exclusion limits for comparisons with the observed
tt and mono-h limits in Sec. 2.3.4.

The constraints from mono-Z searches are similar in shape and reach for both models
as shown in Fig. 2.9. This can be understood with help of the approximation for resonant
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Figure 2.9: 20 (dashed) and 50 (solid) exclusion limits from mono-Z searches in the M, ,g,~
M (left) and M, g,~tan 3 plane (right) for the 2HDM+S (blue) and PS (red). In
both plots we use the parameters as given in Eq. (2.43) with tan § = 1 for the left
one and M4 = 500 GeV for the right one.

production in Eq. (2.40) and its corresponding discussion, see also Fig. 2.7 for the dominant
Feynman diagrams. In the 2HDM-S, first the heavy pseudoscalar A gets produced, which
subsequently decays to a Z boson and the light mediator S. In the 2HDM+PS, by contrast,
after producing the scalar H in the s-channel, it decays to the light pseudoscalar a and a Z.
The light mediator decays nearly exclusively to DM in both models, see Fig. 2.2. For the
relevant masses, the production cross section of the pseudoscalar in the 2HDM-+S, is bigger by
a factor of two than that of a scalar. Since the branching ratio for the mono-Z final state

BR(A — S57) ~ BR(H — aZ)/2 ~ 0.1, (2.47)

is bigger in the 2HDM+PS by a factor of approximately two, it is understood that the total
cross section is similar in both models. The difference in the branching ratios is related to the
different decay widths of scalars and pseudoscalars to top quarks, which dominate the total
width, as mentioned in Sec. 2.1.3.

The general features of the excluded region from the mono-Z search shown in Fig. 2.9 can
be understood by considering the kinematic behavior and the change in couplings. In the
M,;s,~Ma plane three different features become visible. First, the “diagonal” lower bound to
the exclusion region is due to the fact that for M4 < M, /g, + Mz the resonant production is
not allowed with on-shell a/Ss. Second, the upper bound of the exclusion limit stems from the
heavy Higgs being harder to produce the heavier it is. Third, a heavier M, g, leaves less energy
available for the Z, so the Z production gets kinematically suppressed, thereby smoothing out
the transition between the first two features. In the M, g,~tan S plane, the exclusion limit
weakens with growing values of tan 3 is because the top coupling scales like 1/tan 8 and is
essential for the production of the intermediate heavy Higgs via gluon fusion, see Fig. 2.7.
According to Eq. (2.40), for values of tan 3 < 1, the production rate of the heavy resonances
increases but the BR to the required final states SoZ, or aZ respectively, gets simultaneously
suppressed. Therefore, in the 2HDM+PS, with the higher BR the constraints weaken more
gradually.

Projected Sensitivity With the detailed background data of the experimental analysis [155]
at hand, we estimate the reach of the HL-LHC for four distinct scenarios. We assume values for
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Figure 2.10: Current 50 exclusion limits for the 2HDM+PS (in red) and projected limits
for the high-luminosity LHC (in blue and green) from mono-Z searches in the
My,—M4 (left) and M,~tan 8 plane (right) with M4 =500 GeV. The 2HDM+S
limits are nearly identical and therefore not shown. The dashed lines correspond
to a scenario without any improvement in the systematic uncertainties, whereas
the solid lines assume a reduction by 50 %, called the YR18 scenario. For the
other parameters, the numerical values used are identical to Fig. 2.9.

the integrated luminosity of £ = 300fb~! and 3000 fb~!. In both cases, we study the effect of
a projected reduction of the systematic uncertainties by 50%, called YR18 scenario [159,160)].

For the sake of simplicity and as the current bounds in Fig. 2.9 are very similar for both
models under consideration, we only show the projections for the 2HDM+PS in Fig. 2.10.
From there, one can see that the rise in integrated luminosity will lead to a substantial gain
in sensitivity. In the final stage it will be possible to test values of M, up to 500 GeV and to
simultaneously improve the reach in M4 by roughly a factor of two. The saturation in the
right panel of Fig. 2.10 is due to the kinematical limit of M4 < M, + M. In contrast to that,
the influence of improving the systematic uncertainties will likely be small even in the quite
optimistic YR18 scenario.

2.3.3 Mono-h

The final channel we consider is mono-h, since its additional information might reveal further
details about the dark sector. In the case under consideration it could allow to distinguish the
two models with collider measurements.

The progress in Higgs reconstruction can also be used for DM searches via the mono-h
channel, as is can be resonantly enhanced in the 2HDM+S/PS. Here, the roles of the heavy
scalar and pseudoscalar are switched between the two models, compared to the mono-Z case.
This is also shwon in the corresponding Feynmann diagrams in Figs. 2.7 and 2.11. The limits
are slightly weaker than those from mono-Z, but show different behavior in the two models.

The most recent searches for mono-h with h — bb by the ATLAS and CMS collaborations
can be found in [79,161], where the 2HDM+PS got used for the first time in an experimental
analysis by CMS. Furthermore, in [162] CMS performed a first combined search, taking decays
of h to bb, vy, 777~, WTW~ and ZZ into account The exclusions are dominated by the
bb channel, which justifies focusing on this channel. In analogy to the LHC-DMWG in [45],
we take a conservative approach by comparing the binned h + Fp cross sections from our
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Figure 2.11: Feynman diagrams for the resonant production of a mono-h signal via gluon fusion
production in the chosen mass hierarchy for the 2HDM+S (left) and 2HDM-+PS

(right).
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Figure 2.12: 20 exclusion limits from mono-h searches in M, g,~Ma (left) and M, /5, tan 3
plane (right) for the 2HDM+S (blue) and PS (red). In both plots we use the
parameters as given in Eq. (2.43) with tan 5 = 1 for the left one and M4 = 500 GeV
for the right one.

simulations to the model-independent upper limits derived by ATLAS in [161]. While the
CMS data in [79] can be extrapolated to our parameter choice for the 2HDM+PS, it cannot be

easily extended to the 2HDM+S. We confirmed that they are similar in reach, so we continue
with the ATLAS results.

Backgrounds The main backgrounds for mono-h with h — bb searches are tf and vector
boson plus multiple jet production. See Refs. [79, 161]| for a more detailed discussion of
the backgrounds and their uncertainty estimates. Minor contributions arise from single top,
diboson, SM Higgs plus V(— vi7) and multijet processes. In the case of the t¢ background, a
bottom quark from a top decay can be misidentified as a Higgs boson, in combination with
another b-tagged jet, while the 0 originates from neutrinos. Similarly, decays of vector bosons
also produce J via neutrinos or missed charged leptons, and jets can mimic a Higgs. To
estimate those backgrounds, control regions with isolated leptons and extended Monte-Carlo
simulations are used [79,161].

Current Constraints The observed events do not significantly deviate from the expected SM
background. Thus model-independent upper limits on the h(— bb) + Ep cross section per
Fr-bin are placed in Ref. [161], which we will use in the following in analogy to [45]. In [161],
only one Fp bin is used at a time to minimize the model dependency. This implies that the
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derived limits can be seen as conservative estimates. Furthermore in [161], the dependency of
the limits and of the acceptance times efficiency on variations of the event kinematics within a
given bin is calculated for several parameter points of a 2HDM+Z’ benchmark model. The
least stringent limits and the smallest acceptance are given. This also leads to a conservative
estimate for the exclusion limits of the 2HDM+S/PS, which are shown in Fig. 2.12. Similarly
to the mono-Z exclusion in Fig. 2.9, the exclusion limits weaken in each model for larger tan 3,
My and Mg, .

The other most prominent feature in the M, g,~M4 plane is the dip in the exclusion limit
around My ~ 700 GeV, shown in the left panel of Fig. 2.12. It originates from a binning
effect due to the large JFp-bins used in the ATLAS analysis. The simulated data shows
that for M4 > 700 GeV a significantly higher fraction of signal events reach fp > 350 GeV
and therefore end up in the stronger constrained bin with J; = 350 — 500 GeV. This effect
compensates the decrease in production cross section caused by increasing the mediator mass,
which is the dominant effect for M4 = 600 — 700 GeV, and leads to a comparably strong or
even stronger limit for M4 ~ 900 GeV. The fact that more events are found in the bin with
F7 = 350 — 500 GeV, can also be understood in the light of the discussion of the f; spectrum
around Fig. 2.8. The J spectrum does not qualitatively change by replacing Z with h. For
values of My > 700 GeV, the peak of the Jp-spectrum starts to shift above the upper bin
limit at 350 GeV because the peak is located slightly below M4 /2.

In contrast to the mono-Z searches, the exclusions limits from mono-h differ significantly
between the 2HDM+S and 2HDM+PS. The bound on the light pseudoscalar mass M, is
stronger by an approximate factor of two compared to the bound on the corresponding light
scalar mass Mg,. This is due to the fact that the resonant production of mono-h events
in the 2HDM+S requires the heavy scalar, S, in the intermediate state, rather than the
heavy pseudoscalar, A, and the gluon fusion production cross section is smaller for scalars,
see Eq. (2.40) and Fig. 2.5. Opposite to the mono-Z case, the branching ratios relevant for
mono-h are similar in both models, see Sec. 2.1.3,

BR(S; — S3h) ~ BR(A — ah) ~ 0.1. (2.48)

Therefore, the 2HDM+PS is expected to have a higher mono-A cross section in the resonant
region, and overall stronger exclusion bounds, as the kinematics do not differ significantly from
one model to the other.

2.3.4 Combination

Finally, we summarize our results by comparing all derived limits for the two models individually
in the M,/5,~M4 and M,,g,~tan 8 plane in Fig. 2.13 and Fig. 2.14, respectively. We include
the results from searches for Higgs-to-invisible, ¢t resonances, mono-Z and mono-h as discussed
above. Limits of DD on the 2HDM+-S, or from ID for the 2HDM+PS, are avoided by choosing
a small value for m,.

The differences between the pseudoscalar and scalar model in the single searches have been
discussed in the corresponding sections above, so here we focus on how the different constraints
compare to each other within one model. Starting with the 2HDM-+PS in the M,—M4 plane
for tan =1, we can see that the dominant limit comes from mono-Z searches, shown in the
left panel of Fig. 2.13. Those exclude light mediators with masses up to M, ~ 320 GeV and
heavy Higgs masses between 200 and 1000 GeV. For M4 2 1TeV, the mono-h search leads
to slightly stronger bounds up to M, < 200 GeV. Higgs-to-invisible searches exclude masses

~
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Figure 2.13: Overview of the 2 o exclusion limits from searches for mono-/, mono-Z, tt reso-
nances and Higgs-to-invisible in the M,,g,~M4 plane for the 2HDM+PS (left)
and 2HDM+S (right); see text for details. In both plots we use the parameters
given in Eq. (2.43) and set tan 8 = 1. Limits from ID and DD vanish for an
appropiate choice of m,,.

of the singlet-like pseudoscalar, a, below ~100 GeV with a mild dependency on Mg, /5, see
Egs. (A.1) and (A.26). In contrast, tf resonance searches are nearly independent of M, and
can exclude narrow slices of the heavy Higgs masses around M4 ~ 400 and 500 GeV.

A similar structure holds true for the 2HDM+S especially for the mono-Z and Higgs-to-
invisible searches, shown in the right panel of Fig. 2.13. In contrast to the 2HDM-+PS, the
limits from mono-h are significantly weaker compared to the ones from mono-Z and thus are
never the strongest, as explained in Sec. 2.3.3. Furthermore, the ¢t limits exclude a larger
band of heavy Higgs masses from 400 to 500 GeV. This is a reflection of slightly stronger limits
compared to the pseudoscalar model, with the limits changing from just below to just above
20.

For the M, ,g,~tan 8 plane with fixed M4 = 500 GeV, depicted in Fig. 2.14, we obtain similar
limits for both models, except for the mono-h limit being weaker in the 2HDM+S. As in the
M,—M 4 plane, the dominant limit is given by mono-Z searches, specifically for tan g 2> 1.
They begin to weaken for values of tan 8 around three. While these limits, for 0.3 < tang < 3
apply to 2HDMs of all Yukawa sector types, for tan 3 > 3 the bb production mode starts to
become relevant for type II and Y. This leads to stronger limits for those types, while for type I
and X bb production never becomes stronger than gluon fusion, and limits will continue to
weaken for larger tan 3 values. The ¢t resonance searches provide a limit of tan 8 2 1 being
slightly stronger in the 2HDM+S and nearly independent of the light mediator mass. Therefore
this is the strongest limit for M, g, > 270 GeV.

Finally, another interesting aspect which is accessible via the comparison plots is the question
of how to distinguish the two models. To this end, the weaker mono-A limits for the 2HDM-+S
can be useful. This sensitivity discrepancy in the mono-h channel could be exploited to
distinguish between the 2HDM-+PS and 2HDM-S, since the ratio of the signal strength in
mono-Z and mono-h is characteristic for each model. So if signals would be detected in both
channels, their signal strength ratio could be used to discriminate between the two models at

the LHC.
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Figure 2.14: Overview on the 20 exclusion limits from searches for mono-h, mono-Z, tt
resonances and Higgs-to-invisible in the M, g,~tan 8 plane for the 2HDM+PS
(left) and 2HDM+S (right); see text for details. In both plots we use the parameters
given in Eq. (2.43) and set M4 = 500 GeV. Limits from ID and DD vanish for an
appropiate choice of m,.

2.4 Summary

Next generation simplified models are the new benchmarks used by the ATLAS and CMS
collaborations to interpret experimental results in the context of DM searches. In this chapter,
we investigated two notable examples of those, the 2HDM+S and 2HDM+PS, focusing on
their collider phenomenology in ¢t resonance, mono-Z and mono-h searches. An analysis of
the 2HDM+S collider phenomenology, and the explicit comparison was performed for the first
time in Ref. [80], where this discussion is based on.

These models feature an extended scalar sector, with a second Higgs doublet, and an
additional singlet mediator to the dark sector. They differ from the previous generation of
simplified DM models by tending to generate a richer collider phenomenology while restoring
gauge invariance in a minimal setup. In particular, the mono-Z and mono-h cross sections
can be resonantly enhanced via an intermediate s-channel exchange of a state from the second
doublet. Its subsequent decay to a SM boson, in association with the additional singlet decaying
to DM, leads to the desired final state.

We started by reviewing principal constraints on the two models. They serve as guidance
to select appropriate ranges for the various parameters, which are then further tested with
the specific collider searches. Some constraints, for instance those from DD and ID, are
mostly complementary to collider searches, because they tend to require different mass spectra,
and can be avoided by choosing a small value for m,. Others, as flavor and EW precision
observables as well as perturbativity and unitarity considerations, are relevant for our signatures.
Those lead to a few assumptions that reduce the dimensions of the parameter space. These
assumptions have been established by the experimental collaborations [45], and ensure that the
relevant constraints are avoided, while obtaining potential observable signals. In addition, these
assumptions simplify the comparison between the two models and the different experimental
signatures. These assumptions are essentially the mass-degeneracy of the heavy scalars,
motivated by bounds from EW precision observables, together with the Higgs alignment limit.
Motivated by precision measurements of the Higgs couplings to be SM-like the alignment
limit simplifies the Higgs sector by turning one of the doublets into the SM Higgs doublet.
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Thus, most constraints from Higgs physics are avoided. Moreover, while we have described
four possible Yukawa sectors for the 2HDM, our results are universal due to the considered
parameter range.

Using the data provided by different LHC analyses, we then derived limits for the 2HDM+S
and 2HDM-+PS arising from ¢f resonance, mono-Z and mono-h signatures and discussed
how they compare to each other and between the two models. We found that the mono-Z
limits are in general the most constraining ones, while the limits from ¢t resonances are nearly
independent on the additional singlet and essentially excluding values of tan 5 < 1 for a wide
range of mediator masses. A lower bound of ~ 100 GeV for the additional singlet mass is given
by Higgs-to-invisible searches, thus providing a natural starting point for this parameter in our
scans.

We found that in principle the two models could be distinguished at a collider from the
ratio of their signal strengths in the mono-Z and mono-h signatures. Also, the absence or
appearance of mono-jet events, which are sub-dominant in the considered models, would give
further insights into the general nature of the dark sector. Depending on the DM mass, other,
mostly astrophysical, probes are powerful tools to discriminate between the two models, too.
While the DD cross section is several orders of magnitude higher in the 2HDM-+S, the ones
related to ID signals are significantly stronger in the 2HDM+PS. These differences are caused
by the C'P properties of the light mediators. Therefore, detecting one of these two astrophysical
signatures would give a clear indication towards the nature of the mediator to the dark sector
and would discriminate between the 2HDM-+S and 2HDM+PS. However, the exact realization
of the dark sector cannot be investigated there, such that different realizations of the DM — SM
interaction would still be possible. In this case, collider studies could help to further investigate
the inner workings of the dark sector, since they allow for more precise and controlled tests.
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Chapter 3
EFT Approaches to New Physic Searches

The next generation simplified models studied in the previous chapter feature renormalizable
couplings and a relatively rich structure of new low-energy states. If new states are significantly
above the electro-weak scale, an EF'T approach often offers a more suitable characterization.
Here, the particle content is less specified than in full models, but via higher-dimensional
operators effects of non-minimal new physics can be captured in a relatively generic way. This
approach will be the focus of the second part of this thesis.

Although this work focuses on phenomenological aspects of DM theories, it is worth sum-
marizing arguments for the use EFTs and some of their general features. Note that only an
incomplete list of EFT properties is presented, as not all are relevant for our purposes and
are laid out in great detail in Refs. [163-173]. We will start in this chapter by introducing
various aspects and concepts of EFTs, in particular how they can be used to investigate physics
beyond the SM. We then discuss examples of EFT analyses directly related to BSM and DM.

The main aim of using EFTs is to systematically separate effects related to different scales,
such that in the EFT only the scale of interest remains. Therefore, EFTs systematically exploit
the assumption that physics on small length scales can only have a limited effect on observables
related to larger scales. While this behavior is intuitively clear and to some extent made
progress in physics possible in the first place, in the context of QFTs some subtleties emerge.

For example, in QFTs which are supposed to be valid up to arbitrarily high energies therefore
called “UV-complete”, some loop calculations seem to break this principle. There the momentum
integral runs up to infinity and at first sight might be sensitive to states related to the highest
energy scales. Since those scales are not experimentally accessible and the associated physics is
unknown, computing low-energy observables would become (nearly) impossible. For example,
the SM cross sections for low-energy processes would depend on the exact theory of quantum
gravity associated to the Planck scale. However, UV-contributions, such as those loops, appear
as point-like interactions in the infra-red (IR) regime, and therefore can be emulated by
including new local operators in the Lagrangian. There they either contribute to low energy
parameters, e.g. the electron mass; or add an in general infinite series of higher-dimensional
operators suppressed by powers of the high scale, A, which would render predictions impossible.
Both cases turn out to be non-problematic. Regardless of the UV-theory the low-energy
parameters have to be determined by experiments. The predictability is restored by truncating
the operator series at some order of 1/A. The desired accuracy of the EFT prescripts the
number of higher-dimensional operators that should be included. These in turn determine the
number of low-energy parameters that need to be measured to enable predictions.

In a different formulation, physical theories described by QFTs are typically not complete up
to arbitrarily high energy.! At best the theory is an EFT valid up to some cutoff scale A [165].

1Possible exceptions of this are theories which feature a reliably predicted UV fix point, such that they do not
necessarily have a cutoff, for instance QCD at high energies.

33



Chapter 3 EF'T Approaches to New Physic Searches

This “scale of ignorance” is often a physical scale, such as the mass of a new particle, which is
not explicitly taken into account, or has even not been discovered yet. When interpreted in
this way, many well-known theories can be seen as EFTs [165, 168].

Following these arguments, EFTs provide a modern, more physical perspective on renormal-
ization, going beyond the systematic cancellations of infinities. Higher-dimensional interactions,
often called "non-renormalizable", always contribute at some level of precision and contain
information about the physics at the cutoff scale. Their effects are simply numerically sup-
pressed if the cutoff is much larger than the typical energies achieved in experiments, E. Hence,
EFTs are “automatically” renormalizable at low energies, provided that the cutoff scale A is
large [165,174].

A key tool to restore predictability of EFTs is power counting. Each operator in the
Lagrangian is explicitly assigned with a power of an expansion parameter, in high-energy
physics, this is typically E'/A. Observable quantities are calculated in a perturbative expansion
of this parameter, and the order is adopted according to the problem at hand and the required
accuracy. The validity of the EFT breaks down when its expansion parameter is O(1) and
the perturbative expansion diverges. In that case, one has to develop a new EFT, explicitly
including further states. Besides these more theoretical reasons, EFTs are a strong tool for two
main purposes: calculational to improve predictions of a given UV theory at low energies, and
conceptual to systematically characterize systems with several, separated scales [164]. While
their capability to improve calculations in various theories is discussed in e.g. Refs. [163-168,173],
we focus here on their conceptual capability to characterize BSM and DM scenarios. For the
purpose of this thesis (and BSM searches in general), EFTs offer an efficient method to set
relatively model-independent constraints on unknown new physics sectors, and to combine
results from different experimental searches.

In this chapter, we start with a brief review of general approaches for constructing EFTs in
Sec. 3.1. We also discuss BSM related examples, and provide an example of how to match a
UV-theory to a corresponding EFT. The following Sec. 3.2 proposes tt-associated production
as a new channel for a measurement of the yet undetected Higgs decay to a Z boson and a
photon. Potential deviations from the SM prediction can be parametrized in terms of effective
operators. Future measurements could set limits on a so-far weakly constrained combination of
effective operators. The last Sec. 3.3 introduces the theoretical background of the eDMEFT. We
discuss the Lagrangians for a scalar and a pseudoscalar mediator, before their phenomenology
is studied in detail in the following chapter.

3.1 General Concepts

In this section we will give a short summary of two different approaches for constructing an
EFT, and we will show how to match a UV-complete theory to it. In addition two BSM related
examples are given focusing on results needed in the following section.

While a physical problem that one wants to describe with an EFT can feature several scales,
they can usually be considered one at a time. Then in the EFT, only one scale remains, thus
for simplicity we will consider only examples with two well separated scales in the UV.

3.1.1 Construction

There are two general approaches to constructing an EFT for solving a given low energy
problem. One approach is to start with a known high energy theory which features separated
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scales?. Then, the heavy fields (or highly energetic modes to be more precise) are systematically
integrated out, since they are not present at low energies where one wishes to perform the
computations. We sketch the procedure of the so-called “top-down” approach here and come
back to it in more hands-on examples in Secs. 3.1.3 and 3.3.2 about matching concrete UV
theories.

The other approach, called “bottom-up”, is more focused on the degrees of freedom available
at the low energy. Here, the effective operators are constructed from low-energy degrees of
freedom following the steps described below. This approach is especially helpful to describe
new physics, when the full theory at high energies is unknown, e.g. historically Fermis theory
of weak interactions. It allows the interpretation and parametrization of experimental results
in a general, rather model-independent way in terms of the fields present at the accessible
energy scale. Even if it is not possible to unambiguously extrapolate to the full theory in the
absence of direct production of new states, one can learn about it by considering best-fit values
for the EFT operators.

Top-Down If a given QFT features a large fundamental scale M, typically associated with
the mass of a heavy particle or a characteristic (euclidean) momentum transfer, observables at
experimentally accessible low energies F << M can be calculated in an EFT. This EFT, valid
at low energies, can be obtained from the full theory by the following steps [165,175]:

e Dividing the fields ¢ of the QFT with respect to a fixed cutoff A < M into low-energy
Fourier modes, ¢, with frequencies w; < A and high-energy ones ¢p, with wg > A
such that ¢ = ¢, + ¢y

Due to this construction, correlation functions for energies £ < A, which we want to
correctly capture in the EFT, can only depend on ¢r. The generating functional of this
theory is given by

Z101) = / Dy, Dby ¢/ SWonoml+i [T @on (@), (3.1)

where S (¢r,, o) = [d% L(z) is the action of the QFT in d space-time dimensions.
e Integrating out the high-energy modes by computing the corresponding path integral

iS8H(61) = / Dy ei5l01-01] (3.2)

where S’[¢1] is called the Wilsonian effective action and depends on the chosen cutoff
A. This leads to the new generating functional

Z[Jr] = /D¢L eisé\,cf[mHi fddeL(w)cﬁL(x)’ (3.3)

where the high energy modes have been removed as dynamical degrees of freedom and it
is therefore non-local at distances Az ~ 1/A.

2While in general this could be any kind of scale, in particle physics usually energy scales are considered.
3We leave the concrete method of how to divide the fields into low- and high-energy modes open, as it does
not affect the discussion.
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e Expanding the non-local effective action in a sum of local operators consisting of the low
energy fields QgD)(qﬁL), called Operator Product Expansion (OPE), yields

Shilor] = / dle L) with L) =Y P 0P er(2)). (3.4)
Dy

The effective Lagrangian L’é\ff consists of an infinite series of all QZ(D) with mass dimensions
D, which are allowed by the underlying symmetries. The gZ(D) are called Wilson coefficients

and are of mass dimension d— D as the action has to be dimensionless.

e Truncating the infinite series of operators at a required accuracy to enable predictability.
To this end, an appropriate expansion parameter is needed, which keeps track of the
important operators. Since M is assumed to be the only relevant scale in the QFT, we
can rewrite

D _
where the dimensionless coefficients C; are O(1) due to the criteria of naturalness. The
operators are expected to scale as EP~?. Therefore, in the validity range (E< A< M)
the Lagrangian EQH in Eq. (3.4) features the expansion parameter F/M < 1, and the
different contributions scale as

£\ Dd >1 D<d ( “relevant”),
Ci <M> ~ < O(1) for D=d ( “marignal”), (3.6)
<1 D>d ( “irrelevant”).

The first type of operators are named “relevant”, or “super-renormalazible”’, because
their importance grows for smaller energies. Operators of this type, for instance bare
mass-terms, are typically forbidden by symmetries, and if not, could potentially lead to
dangerous effects. The relevance of marginal operators, also named “renormalazible”; is
independent of the energy. Those operators are usually considered in QFTs, for example
in the SM. The “irrelevant” operators, also called “non-renormalizable”, vanish in the
low-energy limit and are therefore often not considered. However, phenomenologically
they are the most interesting interactions as they contain information about the physics
at the cutoff scale A ~ M. For a demanded accuracy of order E/M, only a finite number
of operators contribute, and predictability is restored [165,173].

Bottom-Up As shown above, an EFT is completely defined by the effective action, Seg.
Therefore, Seg can be used as starting point to construct an EFT since it is specified by
defining the following three components [163]:

e Degrees of freedom, the minimum amount relevant for the problem at hand.

e Symmetries, first identify those that restrict the dynamics of the system and then include
all invariant operators in the effective action. This results in an infinite series of operators,
therefore a clear power counting is needed.

e Expansion parameters are an appropriately chosen small quantity and the key to handle
the infinite series of effective operators. In particle physics, they are usually associated
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with the ratio of the characteristic energy of an observable and the high scale. Each
operator in the effective action can be associated with a power of the expansion parameter.
Since observables are calculated via perturbation theory, the operator series can be
truncated at a given order of accuracy. Therefore, only a finite amount of operators is
left. This procedure ensures that the important, leading contributions to observables are
kept.

This is close to the approach we choose in the following sections, where we identify the
relevant degrees of freedom for a consistent DM phenomenology, and then construct the effective
Lagrangian containing all valid operators.

3.1.2 Examples

While EFTs for many purposes exist, we will take a closer look at two examples of particular
interest in BSM and DM searches, the standard model effective field theory (SMEFT) and the
DMEFT.

SMEFT The absence of clear signs for states beyond the SM can be interpreted as a separation
between the electro-weak (EW) and the new physics scale. This invites the use of an EFT for
parameterizing experimental NP searches. Thereby we learn about physics at the high scale
by either setting limits on it or by deviations from the D=4 SM predictions.

To this end, effective operators are built up from gauge-invariant combinations of the SM
fields. Remarkably, at D=5 only the Weinberg-operator ~ (LH)? arises, which violates lepton
number by two units and gives rise to a Majorana mass-term for neutrinos after EWSB [176].
The suppression scale in this case can be related to the mass of right-handed neutrinos for
example.

At D=6, the SMEFT shows a richer phenomenology [177,178|. Assuming baryon-number
conservation (to forbid strongly constrained proton decays) and flavor-universality (to circum-
vent bounds from flavor physics), there are 59 independent operators. Those can be given in
various bases; lists can for example be found in [178,179]. At higher dimension, the number of
operators grows rapidly [180, 181].

DMEFT Since DM cannot consist of the known SM particles and acts as an external state in
experiments, its effects cannot be captured by any SMEFT variant. Therefore for describing
its effects, it is straightforward to explicitly include it in the field content of an EFT following
the “bottom-up” principle laid out above.

In so-called DMEFTs, the SM field content is extended by an additional degree of freedom
X, €.g. a fermion singlet. To model DM in various particle physics experiments, its interactions
with the SM are parametrized by effective, higher-dimensional operators. Those are constructed
as combinations of x and the SM fields, which arise at D =6 for fermionic DM, and in the
common notation do not respect the SM gauge symmetry. While SM fermions are often only
considered, interactions with the SM gauge bosons are true D =7 operators, and are discussed
e.g. in [58,182-184]. For high-energy experiments but after EWSB, the effective Lagrangian
can schematically be written as [47,185-190]

LoverT = )Y
i f

)
2

i'f' (ffzf f) (XF}‘X) : (3.7)
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where the sum runs over f = u,d, s, ¢, b, t, e, i, 7 and includes all SM quarks and charged leptons.
The matrices T/ = {1, 4°, 4*, 454*, 0"} and TX = {T'f, 4°¢#*} are chosen appropriately to
form valid combinations of bilinear operators. The EFT in Eq. (3.7) is fully described by the
DM mass, m,, and the Wilson coefficients, CZJ; The breaking of the SU(2) symmetry suggests

a scaling of Cifj = clfjmf/A for scalar operators [191].

While originally constructed for comparison of all DM searches, the validity at LHC was
found to be questionable due to the high momentum transfers there [47-55]. In DD experiments
the recoil energy is much smaller, and DMEFTs are used to calculate collision rates and give
limits on the allowed interaction strength in a model-independent way. Those calculations are
performed at the nuclear scale, such that nucleons instead of quark interactions are considered.
Also, the heavy SM fields are integrated out, and the non-relativistic limit is taken [114-120].

3.1.3 Matching of UV theories

There are various ways to match a UV-complete theory to a corresponding EFT. In the
“diagrammatic” approach, a specific process is calculated in the full theory and the EFT, taking
diagrams up to a certain loop level into account. The Wilson coeflicients are obtained by
comparing the results order by order in perturbation theory. If loop-corrections are taken into
account, EFTs offer a strong calculational tool to deal with largely separated scales. Logarithms
of the large ratio of these scales, appearing in the perturbative expansion are handled by
effectively splitting them into a high and a low energetic part. While the part above the
matching scale is associated to the Wilson coefficients, the low energetic one is captured in the
matrix elements of the effective operators. Then, the Wilson coefficients are derived at the
high scale by the matching procedure. There, the corresponding large logarithms disappear in
the calculations, since the matching is independent of the IR regime, where both theories are
identical. By employing the renormalization group equations for the Wilson coefficients, they
can be run down to the low scale. In this way, one is left with an EFT for the IR featuring
only one scale. This combination allows to sum up the logarithms in all orders of perturbation
theory. As this is more advanced and not needed for the phenomenology-driven analysis in the
following, we do not persue it furter, and instead refer to Refs. [163,164, 168, 174].

Here we show an approach using the equations of motion for the fields that should be
integrated out. The effective Lagrangian is derived by solving them, and inserting the results in
the Lagrangian of the UV theory. This approach is particularly easy for tree-level matching, and
has been extended to one-loop level under the name of covariant-derivative-expansion [192-194],
and applied to SMEFT [195-198]. To simplify the discussion and in analogy to [163,164], we
investigate a toy-model and stress that the findings can be extended to more complex theories.

We consider a UV-complete scalar theory in d=4 defined by the Lagrangian

Loy = 50,00"¢ — gm*¢® + 30,00"® — FM>P* — 50 ¢*D, (3.8)

with m, b < M. As discussed above, in the low-energy limit £ < M, the field ® cannot be an
external degree of freedom, and the generating functional does not depend on it. Restoring
powers of A for the moment, it is given by

21 = / D eiSeldl/h ifdal@o@)/h iy giSenldl/h = / Do St/ (39

To simplify the calculation we expand Seg = Sé?f) + hSe(;f) + O(h?) in powers of h. Here

Sé?f) includes all tree-level processes, while terms proportional to A" correspond to n-loop
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(0)

amplitudes. The leading contribution Seg can be calculated by making use of a saddle point
approximation, leading to the simple expression [163|

. . 55[®

Sé?f) [¢] = S[®,¢], where ®[¢] is a solution of S([qu,qb] = 0. (3.10)
In this particular example, the equation of motion for &

(O-M?)® = $bg? (3.11)
is solved by

. b1 b/ 1 o

P=-— =t —+ —+... | 12

2D—M2¢ 2<M2+M4+M6+ )¢ (3.12)

The expansion in 1/M? is sensible because [J ~ E? < M?, and the truncation is related to
the required accuracy. Inserting this result back into the original Lagrangian, we obtain the
tree-level effective action

§Og] = / di {;ama“qs 2 LR @2 ramE ) ¢>2} , (3.13)

which describes the low-energy behavior up to a requested precision of 1/M?2.

This example should serve as a justification of the simplified approach that we will use in
Sec. 3.3.2. There, we solve the equations of motion, which are linearized in the heavy fields to
consistently keep the lowest order of 1/M, and we insert the solutions into the Lagrangian of
the full theory. Accordingly, keeping also only operators with the lowest order of 1/M there,
results in the effective Lagrangian. The Wilson coefficients of the general, “bottom-up” EFT
are determined by comparing them to the coefficients generated via the matching. At tree-level
there is no scale dependence to keep track of, which becomes important when matching at
loop level [164].

Now that we have given an overview of general EFT characteristics, in the following sections
we will use some of EFT properties in phenomenological motivated applications. A first
example will be given in the context of a Higgs precision measurement, we will come back
to DM models later. We will investigate a newly proposed channel with the potential to
discover the decay of a Higgs to a Z boson and a photon. Modifications to this process can be
parametrized by a combination of SMEFT operators, and the expected experimental sensitivity
can be translated in bounds on this combination.

3.2 h — Z~: an example for SMEFT

A measurement of the yet undiscovered decay of the Higgs boson to a photon and a Z boson
would provide a further consistency test of the SM. This channel also has the potential to
unveil new physics potentially hidden in other observables [199-208]|, and is an example for a
BSM search beyond DM. Moreover, it furnishes a promising channel to extract spin and parity
properties of the Higgs boson [206,209,210].

Refined projections by the ATLAS and CMS collaborations have shown that even at the end of
the HL-LHC program, with 3 ab™!, a 5 discovery of this decay will be challenging [211,212],
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and the sensitivity will still be driven by statistical uncertainties. After our analysis was
finalized, the most recent ATLAS search in [213] using 139 fb~! of data improved the upper
limit on o(pp — h — Z~) from 6.1 [214,215] to 3.6 times the SM value. While tt-associated
production was taken into account as one Higgs production channel, its full potential was not
exhausted, because no dedicated analysis has been performed.

In general, the h — ¢4~ ~ channel? also offers the possibility to independently measure
the spin [209,210] and CP [206] properties of the Higgs, but the low signal to background
ratio makes it difficult to extract angular correlations or asymmetries in the inclusive search.
The Higgs CP properties in tt-associated production in the h — «+ decay channel have been
investigated recently in [216,217|. There, an upper limit on the CP mixing angle of 43° has
been found.

In this section, the channel pp — tth, h — Z~ — {1/~ is presented, which enhances the
prospects of discovering the decay h — Z~, and of measuring the corresponding effective
coupling. The tth-associated production has recently been observed by ATLAS [218,219] and
CMS [220], inviting the use of it for further studies. It profits in particular from the large
top Yukawa coupling, such that the radiation of a Higgs from the tt state leads only to a
modest suppression of the cross section compared to the main backgrounds. This provides a
significantly enlarged signal-to-background ratio compared to other production channels like
gluon fusion, where a loop-suppressed signal competes with tree-level backgrounds. Thereby,
tth-associated production increases the prospects of measuring the spin and CP properties of
the Higgs boson.

We will study both the expected significance for the channel under consideration at the high-
luminosity LHC (HL-LHC), as well as examine potential constraints on the coefficient of the
effective hZ~ coupling. Finally, we will extend the analysis to potential future 27 TeV (HE-LHC)
and 100 TeV pp colliders, for example the FCCyy,.

The results presented in this section follow Ref. [221]

SMEFT Setup We consider the SM augmented with the D=6 SMEFT operators®

Onw =—o- (D*H)! o; (D" H) Wi,
myy
-/

1
Onp =5 (D*H)' (D"H) By, (3.14)
myy

12

O, =25 |H|*B,, B",

g

2
myy
relevant for the h — Zv decay in leading approximation,® where H is the SM Higgs doublet,
parametrized after electroweak symmetry breaking (EWSB) as H = 1/v/2(—ip; — 2, v+ h +
ip3)T. Here, v denotes the vev (H) = 1/1/2(0,v)”, which triggers EWSB, h is the physical
Higgs boson, and 1 23 are the Goldstone modes.

This setup allows us to study deviations from the SM in a relatively model-independent way,
under the assumption that there is a mass gap between the SM and the new states. After

“Here and in the following of the section, £ denotes electrons and muons.
®The complete set of SMEFT operators can be found in e.g. [178,179].
5We do not take possible BSM effects in Higgs production into account, and neglect CP-odd operators.

40



3.2 h — Z~: an example for SMEFT

EWSB, the operators in Eq. (3.14) generate in particular the Lagrangian term

Lo CZT” h Zu M, (3.15)
contributing to the h — Z~ decay at tree-level with

czy = —tw [Caw — Cup + 853y Cy] (3.16)

where Crw, pB,~ are the coefficients of the corresponding effective operators listed in Eq. (3.14)
and ty = tan Oy, sy = sin Oy, with Oy being the Weinberg angle. Analyses of the SMEFT
coupling space show that the direction depicted in Eq. (3.16) is not strongly constrained such
that significant BSM effects could be present [203,222-224].

For the following analysis we define the ratio of the decay widths in the presence of effective
operators and in the SM, see e.g. [202], as

CZ~, (317)

where the second equality is valid for small cz,. We will eventually study the constraints that
can be set on Kz, and thus on the Wilson coefficient cz., from the process under consideration.

Signal Estimate The SM cross section for Higgs production in association with two top
quarks at the LHC, with /s = 14 TeV, including NLO QCD+EWK corrections is o(pp —
tth) = 613 fb fg:ggg (scale) £ 3.5% (PDF + «5), and the relevant branching ratio amounts to
BR(h — Z7v)=1.54-1073 [225]. We consider the Z boson decaying to two leptons, £ = e, i
with BR(Z — £T¢7) = 0.067 [226]. For the HL-LHC with 3ab~! of integrated luminosity we
thus expect Sy ~ 190 signal events over all top decay channels.

For the signal to remain observable after selection cuts, the analysis has to be as inclusive
as possible. On the one hand electrons, muons, and photons are reconstructed with high
efficiencies. On the other hand, the number of events will be reduced by tagging tth-associated
production and including isolation requirements to consider the probability of the h — Z~
overlapping with some of the top decay products. For a first estimate, we thus assume a
selection efficiency of (10 — 15) % comparable to the experimental efficiency of the di-photon
channel [227]. In the next section we will quantitatively confirm this estimate in an explicit
analysis of the semi-leptonic top-decay channel. This would lead to roughly S = (20 — 30)
signal events per experiment.

Background Estimate The main irreducible background for the desired signal is t£Z produc-
tion with radiation of a photon from initial or final states. At the 14 TeV LHC, the NLO QCD
cross section with pr, > 10GeV and |n,| < 4.0 is o(pp — ttZv) = 9.3fb. This is about ten
times larger than the signal cross section resulting in By ~ 1870.

Among the reducible backgrounds, we expect the dominant contribution from pp — tjjZ~
and pp — ttZj production, where j denotes a jet in the 5-flavor scheme including b-jets. The
former background is only relevant when considering the semi-leptonic and fully-hadronic top
decay channels. In the latter case, one jet is misidentified as a photon. Experimentally this can
be estimated by loosening the photon identification, however we cannot simulate this reliably.
Eventually, the best approach might be to float the background normalization to fit the data
in the side-bands below and above the Higgs mass, my,.
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For the purpose of the present estimate we account for reducible backgrounds by simply
increasing the irreducible background cross section by 50 % to obtain a more realistic sensitivity.
The assumption about the reducible background contribution will be justified by explicit
simulations in the next section. Including this factor and multiplying with the selection
efficiency from above, we arrive at (280 — 420) background events. Here we assumed that
the efficiencies for the signal and background are comparable, as long as no cut on the Z~
invariant mass spectrum around my, is applied. Whether other backgrounds are relevant will
depend on the tt decay channel, and on the analysis, but we expect them to be sub-leading
and to have a smooth m. s invariant mass distribution.

Once the v£*¢~ invariant mass, my, is restricted to a 10 GeV window around my,, the
background is reduced by another factor of ~ 15 (shown below) and we would obtain
B = (20 — 30) ~ S. Therefore, we can conclude with a 4.50 — 5.5 ¢ sensitivity from a simple
cut and count analysis. This can be further improved by fitting the invariant mass distribution
with signal plus background, and background-only hypotheses. This potential to observe the
h — ¢+~ channel in a low background environment is our main motivation to perform this
study. In the next section we provide a detailed simulation for the semi-leptonic tt-decay
channel, to better understand how realistic the above estimate is.

3.2.1 Analysis

To get a robust estimate of the expected sensitivity at the HL-LHC with /s = 14 TeV and
an integrated luminosity of 3ab™!, we perform an analysis with Monte Carlo simulations of
the semi-leptonic top-pair decays (t— bjj, t—bl~ D, or vice versa). The obtained selection
efficiency is then used to estimate the sensitivity including all top-pair decay channels in the
next paragraph.

We simulate the signal process pp — tth with MadGraph5 aMC@NLO [140, 141] at next-to-
leading order (NLO) in QCD using the PDFALHC15 nlo 30 pdfas PDF set [145], provided
through LHAPDFG6 [146]. Our value for the tth-production cross section is in good agreement
with the results quoted above. For the parton-showering we use the MadGraph-build-in
Pythia 8.2 [147] only allowing for the h — Z~ and Z — T4~ decays and rescaling the cross
section with the corresponding branching ratios. A fast detector simulation is done with
Delphes 3.4.2 [148| using the HL-LHC detector card.

We also simulate several background processes. The most relevant ones are: (i) the
irreducible background pp — ttyZ, Z — £7¢~. Without contributions from Higgs decays it
gives a cross section of approximately 620 ab at NLO in QCD for pr, > 10 GeV and |n,| < 4.
(ii) The reducible background pp — tjjvZ , Z — £T¢~ with a LO cross section of 940 ab.

Other possible final states, such as tfjW*~, W*bbjZ~ and ttty, have negligible cross
sections in the selected region. These sum up to less than 10 % of the total background events.
The ttZj background is not simulated, as we cannot model the jet misidentification reliably.
Instead, it is accounted for by increasing the total t£Z~ background by 20 % in our calculation
of the significance [214].

We focus here on semi-leptonic ¢t decays since they are the most suitable for a cut-and-count
analysis, and comment on the hadronic and leptonic decays in the next paragraph. In the
parton shower by Pythia, all top decays are allowed to account for misidentification, e.g. 7’s
being mistagged as leptons and hence contributing to the semi-leptonic channel.

The reconstruction requirements for electrons (muons) in Delphes are pp > 15 (10) GeV,
In| < 2.47 (2.7), and for photons pr > 5 GeV, |n| < 2.37, and it is required to have no selected
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leptons within a cone of R = 0.3. Jets are reconstructed with FastJet 3 [228] using the anti-k;
algorithm [229] with R = 0.4, and are considered to have pr; > 25 GeV and |5 < 2.5. In
addition the following selection requirements’” motivated by experimental analyses [214,227]
have to be fulfilled:

e FExactly three electrons and muons satisfying the reconstruction requirements
e Three or more jets, and pr; > 30 GeV for the first three jets in pp

e Missing energy Fp > 20 GeV

e At least one b-tagged jet

e At least one photon with pr, > 15 GeV

e Z-reconstruction: OSSF lepton pair with 76 GeV < myp < 106 GeV

e Higgs-reconstruction: v and Z candidate fulfill 120 GeV < m.p < 130 GeV

To reconstruct the Z boson, we require an opposite sign, same flavor (OSSF) lepton pair
in the invariant mass range 76 GeV <myy <106 GeV in the final state, to avoid contamination
from top-decays. If more than one lepton pair fulfills this requirement, the one closer to the Z
mass is chosen. This lepton pair together with the highest-pr photon is used to reconstruct the
Higgs mass. The invariant mass distribution of the v/T¢~ system before applying the m. cut
is shown in the top panel of Fig. 3.1. The signal clearly peaks at m.z = mj; = 125 GeV, and
we see that by cutting on a window of my, -5 GeV, which is experimentally feasible [214,215],
we can obtain S/B 2 1. The numerical results for the signal and the two backgrounds are
given in Table 3.1.

The selection efficiencies for the signal and background processes are defined as ey =
Neinal/ (Ninitial BRsemi-lept) With N =5, Bired, Bred. The branching ratios of the semi-leptonic
decay are BRgemi-lept = BR(tt — bblvjj ) = 0.288 for the signal and irreducible background,
and BRgemilept = BR(t — bfv) = 0.213 for the tjjZv background [226]. With the values
from Table 3.1, we obtain eg= 0.14, e, _, = 0.0097 and ep_, = 0.0027. As to be expected,
the reducible background has a smaller selection efficiency than the irreducible one, while
€By.0q ~ €5 until Higgs-reconstruction.

Sensitivity Estimate In order to arrive at our final result for the expected significance and
the anticipated constraint on xz,, we assume that the efficiencies for the semi-leptonic top-
decay channel derived above also hold for the leptonic and hadronic channels. Due to the
recent development in top-reconstruction using boosted decision trees, hadronic top-decays are
identified with a high efficiency. The selection efficiency reported in [218-220,230] is at least
comparable to the leptonic channel, thus justifying our extrapolation from the semi-leptonic to
the hadronic channel.

The reducible pp — tjjZ~ background is specific to the semi-leptonic and fully-hadronic
channel. We therefore do not use the result of its simulation directly, but include it in
the rescaling of the irreducible background. From the proper simulation of the process in
the semi-leptonic channel, we find that the number of background events is increased by
approximately 30 %, compared to the irreducible-background-only case. To be conservative
we increase the irreducible background by 50 % in the following, also accounting for a 20 %

"Note that these cuts are mainly meant to select the signal and suppress other backgrounds, rather than
separating it from the irreducible background.
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Cut S ttZ~y tjjZ~y
Initial 186 1862 2817
N(l)=3 25 273 209
N(j) > 3, pr,j >30GeV 15 170 46
Er > 20GeV 14 160 41
N(b)>1 12 137 34
N(v) > 1, pry>15GeV 8.1 83 21
Z-reconstruction 7.6 80 21
Higgs-reconstruction 7.3 5.2 1.6

Table 3.1: Signal S and background events for two main processes ttyZ and tjjvyZ with
Z — (T4~ after each requirement to select the semi-leptonic channel for the HL-
LHC with /s = 14 TeV and 3ab~!. For the backgrounds, a cut of pr~ > 10 GeV
and |n,| <4 is imposed at the generator level.

enhancement [214] from ¢¢Zj contribution. We thus arrive at a total of S=186€g ~ 25 and
B=1.5x1862¢p,. ., ~ 27, including now realistic analysis cuts and losses due to overlapping
final state particles. This result agrees well with our first estimate. Considering the statistical
error of AB=+/B~5, we thus expect to establish a signal from the total rate alone with
a significance S/ VB & 50 at a single experiment. Employing a more precise definition of
the discovery significance given by Z = /2[(S + B) log(1 + S/B) — ], results in a more
conservative significance of Z = 4.3. This definition converges to S/v/B for S < B [231]

We expect that the sensitivity can be further enhanced by performing a likelihood analysis
of the peaked signal over the smoothly falling background, and thus a discovery should be
feasible in this channel. An example is performed in Sec. 4.3, with details laid out in App. B.
As this would add further experimental uncertainties which can only be estimated using a full
detector simulation, we decided to stay conservative and not use shape information here.

27 and 100 TeV Colliders Next, we study the channel under consideration at a future 27 TeV
(100 TeV) pp collider with 15ab~! (30ab™!) of integrated luminosity [232,233]. Here the tth
production cross section amounts to 2.9 pb for /s =27 TeV [212] and approximately 33 pb
for 100 TeV [234], which were reproduced in our MadGraph simulations. The background of
ttZ~ production features 46 fb (670fb) at 27 TeV (100 TeV) with pr, > 10 GeV and || < 4.
For simplicity and better comparability, we use a similar setting and the same reconstruction
and selection requirements as for the HL-LHC. We note that these cuts are rather low for
the higher center-of-mass energies, but a detailed study of potential future collider settings is
beyond the scope of this section. In addition a moderate increase in cuts is expected to have
only a mild influence on the obtained results. For the 100 TeV case, we use the FCCpp-card
provided through Delphes.

Considering again the Z — ¢T¢~ channel, we obtain the cut-flows shown in Table 3.2. The
corresponding m.¢ spectra is shown in the middle and right panels of Fig. 3.1. For both
scenarios, the same extrapolation to include all top-decay channels and an enhancement of the
background by 50 % as for the HL-LHC, is performed motivated by our previous findings.
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27TeV, 15ab~! 100 TeV, 30ab~!
Cut S B S B
Initial 4.4k 47k | 112k 1.3M
N()=3 539 6.2k 16k 210k
N(j) > 3, pr,; >30GeV 344 4.1k 12k 160k
Ep > 20GeV 322 3.9k 11k 150k
N(b)>1 276 3.3k 10k 140k
N(y) > 1, pr,>15GeV 180 2.0k | 6.7k 84k
Z-reconstruction 166 1.9k 6.3k 82k
Higgs-reconstruction 160 101 6.1k 3.2k

Table 3.2: Number of signal S and background B events after each of the selection requirements
at a 27 TeV or 100 TeV collider, with 3ab™! and 15ab™! of luminosity, respectively.
For the background, a cut of pr, > 10 GeV and |,| < 4 is imposed at the generator

level.
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Figure 3.1: Invariant mass spectra for the signal process, stacked on the background distribution
(blue) in the considered collider scenarios. The decays of the top-quark pair are
separated in hadronic (red, not visible), semi-leptonic (orange) and leptonic (light
orange).

3.2.2 Constraints on Kz,

In the following, we want to examine the expected constraints that can be set on kz, from the
process under consideration. To that end, we first calculate the predicted number of events
N(kzy) = S(kzy)+ B, where S(kz5) is obtained from the SM value S =25 by multiplying with
/1227, see Eq. (3.17). We further assume the SM to be true and calculate how many standard
deviations AN (kz-) away the prediction N(kzy) is from N(kz, = 1), which is the expected
outcome of the experiment. Values of k7, that lead to a discrepancy of more than n standard
deviations are expected to be excluded with a significance of no. Following this procedure
for the three considered collider scenarios, the expected 1o (20) constraints on sz~ are thus
obtained as

14TV :  0.86<rz, <114  (0.71< ryy < 1.29)
27TeV: 097 <rz <103  (0.94< rz, < 1.06) (3.18)
100TeV :  0.995 < Kz, < 1.005 (0.991 < Kz < 1.009),

and presented as red bars in Fig. 3.2.
At the envisaged future hadron colliders, a signal in this low background process could be
established at a level well beyond 5 ¢ using the definitions from above. The number of signal
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14TeV, 3ab™!

lo: 085 <rkzy <115
20: 0.71 < kzy < 1.30

27TeV, 15ab~!
lo: 0.96 < Kz, < 1.04
20: 0.93 < kzy <108

100 TeV, 30ab~*
lo: 0.98 <kzy <1.03
20: 0.95 < kzy < 1.05

0.708091.01.1121.3
RZy

Figure 3.2: 10 and 20 limits on kz,, assuming the SM to be true, as obtained from our
analysis. Shown are limits with statistical errors only (red) and including a 5%
systematic error from the theory uncertainty in the tth cross section (blue). The
numbers in the left column include the 5% uncertainty.

events clearly allows the determination of the spin or the CP properties of the Higgs boson,
and the performance of precision tests of the effective hZ~ coupling at the 1% level.

At this level of precision, it becomes necessary to take potential systematic errors into
account. On the experimental, side there are O(1 — 5 %) uncertainties related to the lepton,
photon and b-jet identification, which could be further reduced by fitting the sidebands of
the spectra. Clearly a full experimental analysis is needed to assess these uncertainties and
establish the estimated precision. On the theory side, the interpretation of the observed rate
as a constraint on Kz, is affected by the uncertainty in o(pp — tth), which is currently of
order 10 % for the LHC. Anticipating progress there, we show in Fig. 3.2 the level of precision
obtained, assuming a 5 % systematic error (blue bars) on the production cross section. The
projected 1o (20) constraints become

14TeV: 0.85 < kzy <1.15 (0.71< Kz, < 1.30)
27TV : 0.96 < rz, <1.04  (0.93< rzy < 1.08) (3.19)
100TeV : 0.98 < kzy <1.03  (0.95< iz < 1.05).

Our projected sensitivities to k7, are comparable to those in other Higgs production channels,
which are on the order of 10 % (3 — 4 %) at the HL-(HE-)LHC [212].

A further reduction of systematic errors could be achieved if ratios of couplings are considered,
such as Kz /Ky in tl-associated production. Such ratios are very sensitive to potential new
physics patterns. Additional charged fermions coupled to the Higgs, for example, have a
stronger effect on k., since the W boson loop strongly dominates the h — Z+ rate in the SM.

Summary In this section we explored the prospects of discovering the decay of the Higgs to a
Z boson plus a photon in tt-associated production. Focusing the analysis on the semi-leptonic
tt-decay channel, we demonstrated that the considered production channel could lead to a
~ 5o discovery already at the HL-LHC. Beyond that, we showed in a concrete example how
EFTs allow the interpretation of experimental findings in a general way, by deriving projected
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bounds on the effective hZ~y coupling. Establishing these limits on xz, would provide a further
contribution to determine the coefficients of the contributing SMEFT operators. Therefore,
rather model-independent limits on new physics contributions could be set, and degeneracies
in the SMEFT parameter space could be broken up.

At the HL-LHC and proposed pp colliders with 27 TeV and 100 TeV center-of-mass energies,
we find 1 o constraints at the 15 %, 4 %, and 2 % level, respectively. The sensitivity is comparable
to or even exceeds that of future lepton colliders [235-237|. Finally, the corresponding S/B
ratios of O(1) could potentially allow for precise extractions of the spin and CP properties of
the Higgs boson.

3.3 The Extended DM EFT

Now that we have discussing a new approach to a SM process, and how a precision measurement
can potentially constrain SMEFT operators, in this section, a new EFT framework is introduced
which is directly linked to BSM physics, namely DM.

The search for DM is tackled by a multitude of experiments operating at largely different
energy scales. While DD experiments probe recoil energies in the keV range, the momentum
transfer in LHC collisions can exceed the TeV scale. Combining results from such different
types of experiments in a single, consistent, yet general framework with as little theory bias as
possible, is important in order to make progress in resolving the nature of DM.

As outlined above, DD experiments are usually interpreted in an EFT consisting only of
SM fields and a DM candidate, and limits are calculated as bounds on the Wilson coefficients,
see e.g. in Sec. 2.2.2 and [47,185-190]. Mediators between DM and the SM are typically
assumed to have masses in the GeV-range, and thus can be safely removed as explicit degrees
of freedom. On the other end of probed scales, LHC searches are typically only sensitive to
mediator masses at or below the scale of reached momentum transfers, unless the model is very
strongly coupled [238]. Thus, the DMEFT description becomes invalid [47-55]. As laid out in
the discussion in Chapter 1, collider searches are commonly interpreted in terms of simplified
models where the mediator is kept as a dynamical degree of freedom [56,57,239-244]. In
common implementations, the mediator interacts with SM and DM fields by D <4 operators,
which are not required to be gauge-invariant and are thus not well-behaved at large energies. A
further drawback of these models is that they are rather specific and do not allow for a general
description of dark sectors. They also feature a rather limited set of mono-X observables and
channels to obtain the relic density. In conclusion, the models suffers either from a lack of
generality or, even worse, from a lack of validity.

To alleviate the above problems, in Ref. [245] a hybrid framework was proposed: the so-
called extended dark matter effective field theory (eDMEFT). It offers a general setup for
the joint interpretation of direct, indirect and various collider searches for DM. It overcomes
drawbacks of other model-independent approaches to study the DM phenomenology, such
as conventional DMEFT and simplified models. In the eDMEFT, the SM field content is
enlarged by a SM-singlet fermion y,® that is stable on cosmological scales and represents
the DM candidate, and a (pseudo-)scalar mediator S (S). The interactions of the mediator
with SM fields are realized via higher-dimensional operators. As we will show in the next

8While it is also possible to consider scalar DM [245], we focus on fermionic DM, which is a common assumption.
In addition, the collider phenomenology is expected to change only mildly [58], and scalar DM is potentially
stronger constrained by DD [246].
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chapter, in this framework the correct DM abundance can be achieved in several regions of the
parameter space. Also, detectable collider cross sections can be obtained without relying on
the problematic high-energy tail of kinematic distributions [50,247], and with setting a cutoff
safely above the EW scale.

In contrast to simplified models, the eDMEFT is a proper (order-by-order) renormalizable
field theory, where gauge invariance stays intact, and correlations induced by it are included.
In addition, stringent, model-dependent connections between different observables can be
lifted, which arise in next-generation simplified models such as the 2HDM+S/PS [45,61,80], or
realistic Z’ models [63,248]. The most general set of higher-dimensional operators allows the
incorporation of effects from richer dark sectors, consisting of more than a DM state and a
mediator. Interestingly, for fermionic DM, the leading corrections appear already at D=5.7
Compared to the SMEFT, where contributions except the Weinberg operator for neutrino
mass arise at D > 6 [177,178,225,249], this leads to a significantly reduced number of free
coefficients.

While including the mediator makes the theory valid at collider energies, the augmentation
with D=5 operators accounts for the fact that the BSM sector is likely to be non-minimal.
Indeed, there is no stringent reason for the latter to consist of only a few different particles,
while the SM shows a complex structure. So it is conceivable that the dark sector is rather
rich, while both DM and the mediator are significantly lighter than the remaining BSM states,
e.g. if the mediator is a (pseudo-)Goldstone boson of a spontaneously broken global symmetry.
This justifies the capture of BSM effects via higher-dimensional operators in the eDMEFT.

We will introduce the corresponding effective Lagrangians for a scalar in Sec. 3.3.1 and
pseudoscalar mediator in Sec. 3.3.1 and discuss their basic features. A thorough investigation
of their phenomenology is presented in Chapter 4, considering the predicted relic abundance
as well as present and future constraints from collider, DD and ID searches.

3.3.1 Scalar Mediator

The eDMEFT for (Dirac) fermionic DM x and a scalar mediator S is described, at D < 5, by
the Lagrangian [245]

Loff =Cov+ 50,S0"S — §u§S? + xidlx — myxx
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3.20)

S (
- K [C)\S st + cHs ’H‘2$2 + C\H ‘H‘ﬂ

S 17 ~i 1 19 ~i Tr j 17 =i 1
-2 () QuHdy + (V)Y Qv + (V)7 LLHE, + hie

S
-3 [CHp BuwB"™ + Cipyw W WL, + Cq G GY,]

where, Lgn is the renormalizable SM Lagrangian and H = %(0, v+¢)T the SM Higgs doublet
in the unitary gauge, with the vev v = 246 GeV.

9The generalization to a vector mediator requires D =6 operators. We will leave a study of the very rich
phenomenology for future work.
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3.3 The Extended DM EFT

Moreover as before, Qr, ug and dr (Ly, and [g) denote the left- and right-handed quarks
(leptons) while the field-strength tensors of the SM gauge groups before EWSB are written as
B, W and Gl‘jy. The generic mass-suppression scale of the higher-dimensional operators is
parametrlzed by A, and each operator is associated with a coefficient that fixes its interaction
strength. We note that A should not be included when counting the number of free parameters
since it always appears in combination with the coefficients. We assume that & does not
develop a vev and remain agnostic about the origin of the new physics scale. A stabilizing
symmetry for y forbids the LHxp term to prevent it from acting like a right handed neutrino.

Clearly this Lagrangian is not limited to a description of DM, and a scalar-singlet extended
SMEFT forms a subset of the eDMEFT. While here the focus lies on the implications for DM,
a recent study of the EFT for a pure scalar singlet extension can be found in Ref. [250], see
also [251-255] for earlier works on the singlet-extended SMEFT.

In this section we will comment on the terms that will be most relevant for the phenomenology
studied in the next section. There are already new physics contributions at D < 4. Of particular
interest among them are the Syx Yukawa term, coupling DM to the mediator, and the
interactions between & and H. Together these interactions provide a minimal gauge-invariant
connection between DM and the SM. In addition, there are numerous higher-dimensional
operators that couple SM fields to the dark sector. These can be separated into three broad
subgroups:

First, there are new physics extensions of the SM Yukawa sector that couple S to SM fermions
in combination with H. Allowing the most general flavor structure leads to a large number of
operators of this type. Unless stated otherwise, we will therefore assume the matrices YdS wo to
be diagonal in the basis of SM Yukawa couplings o

(V)" = diag (45, 5. v7)
(V%) — diag (v3, 5, vp) (3.21)
(V%)Y — diag (v2, ug, v7)

in order to avoid the insurgence of dangerous flavor violation. Motivated by minimal-flavor-
violation (MFV) [256], we further impose that our diagonal Yukawa-like matrices reproduce
the hierarchy of the SM-fermion masses, and thus follow the relation y}? ~my/v.

Next, the S2yx and |H|?yx terms appear structurally very similar, but have very different
phenomenological consequences. While the first mediates an additional interaction of DM with
S that might change the dynamics within the new physics sector, the second term provides a
direct link between DM and the SM circumventing the mediator S completely.

There are also effective couplings between S and the SM gauge bosons. Typically, interactions
of this kind arise at the one-loop level in theories with additional matter fields, charged under
the SM gauge group. With this general concept of UV completions in mind, we extract the
loop factor and gauge coupling from the corresponding Wilson coefficients

1

S S
Cée = 162 g2 cg
RE
1
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Chapter 3 EF'T Approaches to New Physic Searches

In the parameter scans in the next section, we will typically use c“& B,w as they should
naturally be of O(1). Moreover, for the phenomenological study presented in the next section,
it is convenient to use the linear combinations that correspond to effective couplings with the
physical states WTW ~, ZZ, Z~ and ~y. They read

Ciqvﬂxv— =2 Cﬁqvw
C%7 = ciy Civw + sty C3p (3.23)
Cgv = 2cwsw (Ciyw — Cgp)
C = sty Civw + iy C3s.

Finally, DM could couple to the field-strength tensor of the hypercharge gauge boson via
two D =5 interactions: Cwm/A XrouwxrB", and Ce/A Xrowvsxr B*. Below the EW
scale, they reduce to the well-known magnetic and electric dipole operators [257,258|. This
kind of operators are strongly constrained by DD experiments, and for m, = 100 GeV the
non-observation of DM-nucleus scattering requires Cpy(e/A < 1076 (1077) GeV ! [259,260].
For DM masses larger than a few GeV, this bounds exceed the sensitivity of other experimental
probes by orders of magnitude. Thus, considering those operators in isolation rules out the
parameter space preferred by the relic density [260]. For this reason, and since we are mainly
interested in the phenomenology associated with the mediator S, we do not include them in
our analysis.

Higgs-Mediator Mixing Before illustrating the DM phenomenology for the eDMEFT with a
scalar mediator in the next chapter, we briefly review a well known effect of D =4 operators,
namely the Higgs-mediator mixing induced by the A ¢ term.

After EWSB, the trilinear coupling A} ¢ induces an off-diagonal contribution in the scalar
mass matrix which leads to mixing between the SM Higgs field, ¢, and the mediator S. This
mixing can be described by a rotation matrix

h\ [ cost sinf@)\ (¢
<S> N (— sin 6 cos&) <S> ’ (3.24)

where h and S denote the physical mass eigenstates. The mixing angle 0 is defined by
2\ g0

tan20 = —H5
M2 — M}

(3.25)

where M, and Mg denote the masses of the scalar fields in the absence of mixing. The masses
of the physical states are then given by

o M2+ M3 N Mf,—Mg.
h/S 2 2 cos 26

We identify h with the SM-like Higgs with mj; = 125 GeV and do not make any assumptions

about the ordering of the scalar mass eigenstates. The mixing in combination with the DM

Yukawa yg will generate a coupling between the dark and the SM sector described by the
Lagrangians

(3.26)

2M3,
v

M? me -
+— Z f
wiwor g SZ ez, S 2gg|
f

,Csml\l/’f = (cgh — s¢S) (3.27)

mix

by = — (seh + ¢oS) ys XX,
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3.3 The Extended DM EFT

as well as a Lagrangian with trilinear couplings between the scalar fields
mix v
scal = T3 [5han h® + s B*S + kpss hS? + kgss S°] . (3.28)

The explicit results for the couplings k;j; can be directly derived:

3 r2 Ny 3
Khhh = 2AgCy + 2N 5Ch50 + 7‘%89 + A sSeSag

KhhS = —252)\;15 + (%Afg - 4)\}15)3369 — (6Ag — 4>\H5)SQC§ + 2)\}1,50% (329)
KRhpSsS — 26%)\[{5 + (%)\% — 4)\}15)6359 + (6)\]—[ — 4)\HS)095§ + 2)\}{5«83 .

s 3 2 3 /
KSSS = 7%69 — 2 \gscgse — 2hmsy + NgsSes2e,

where ¢y = cosf, sg = sin 6 for brevity.

The mixing represents a special case, since it can be realized only with renormalizable
interactions. Since those are not suppressed by the scale of the higher-dimensional operators,
A, it is natural to assume that they will generically dominate over effects that arise at D =»5.
However, the LHC Higgs measurements severely constrain these kind of interactions [261,262].
We will therefore treat mixing and effective operators on the same footing, and include both in
our analysis.

3.3.2 Pseudoscalar Mediator

After introducing and discussing the scalar mediator case, we will now turn to the case
where the SM is connected to the dark sector via a pseudoscalar mediator. While sharing
basic features with the scalar model, the changed CP-properties of the mediator leads to
striking phenomenological differences in a number of observables. The eDMEFT Lagrangian
for fermionic DM y and a pseudoscalar mediator S reads [245]
LY =Lsm + $0,80" S — LpdS* + Xidy — myxx
1 54 232
— 128 = Ay |HI'S
S 32 H|pr|2
Cae Yy ST +uyy [HIF
—1Y5SXLXR — A XLXR + h.c. (3.30)
IS i o o
= S O QuHd, + (V) QL + (V) Ly HE, + e

S [OR BB + Gl W W, + O Gy,

The notation follows the conventions detailed in the previous section, and we adopt a similar
rescaling as in Eq. (3.22) between Cg)y, and ¢f. Due to the assumption of CP-conservation,
the operator |H |25’ is forbidden. We assume again that S does not develop a vev. Therefore,
the SM Higgs ¢ and the mediator S do not mix, and they are equal to their mass eigenstates h
and S. As another consequence, Higgs precision measurements are less sensitive to this model.

The effective Higgs portal operator |H|?Yxr does not depend on S (or S) and thus can
also be included in the pseudoscalar model. In order to work out the differences between the
scalar and the pseudoscalar eDMEFT, and since the strength of yf is rather constrained, we

restrict our analysis to yf = 0 in the pseudoscalar case. The results are similar to the ones
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Chapter 3 EF'T Approaches to New Physic Searches

obtained in the scalar model. For analogous reasons we will neglect the yf coupling, since
the corresponding operator does not distinguish the CP-even versus CP-odd nature of the
mediator.

Matching the 2HDM+PS The eDMEFT with a pseudoscalar mediator can be connected
to the 2HDM+PS discussed in Chapter 2. To show this, and the operator subset of the
Lagrangian in Eq. (3.30) generated by a UV-complete model, we exemplarily perform the
tree-level matching of the 2HDM+PS to the eDMEFT.

To separate the SM Higgs doublet from the second doublet, we work in the Higgs basis with
the Zs symmetric potential defined in Eq. (2.12). Using the technique laid out in Sec. 3.1.3,
the second Higgs doublet @5 is integrated out by employing its equation of motion at zero
momentum. For this approximation to be valid, we assume its mass scale to be far above
the EW scale, Mg > v. The equation of motion for ®y for the interaction potential in
Egs. (2.16) and (2.29), taking only operators linear in ® into account, reads

M}y @5 =pp12i P&y, — Ayp P2y,

— (V) e, + (Vi) EQ), + (VA Tl

We note that this approach is appropriate only if the mixing angle sinf ~ pup1s between
the C'P-odd states A and P is not too large in the 2HDM-+PS after EWSB. We thus write
wp12 = Ap12M, requiring M /A =em < 1, as also suggested by perturbative unitarity. In the
eDMEFT, P is identified with §. Moreover, the mass scale of the heavy doublet is identified
with the cutoff, Myy = A > v [197,263]. Solving Eq. (3.31) for ®x, and inserting it back
into the original Lagrangian in Eq. (2.26) gives rise to the effective Lagrangian. At D=4 it

contains higher order corrections to the Higgs-portal, and at D =5 it contains the effective
Yukawa operators

(3.31)

ﬁg;)HD = (—Xhhp + /\%3128%4> P? (I)L(Dh (3.32)
5 IAP12EM ” S~ § X =i gj Fi j
L0 = P (Vi) Quude®n + (Vil)iy QLl®h + (Yi)ij L @n + hc.)

To translate the coefficients from the Higgs basis to the interaction basis, we employ
Egs. (2.17) and (2.18) for Appp and sinf. With them, we obtain the matching results for a
2HDM+PS of type II (for other types ¢z is replaced according to Table 2.1)

2 2
. m45 — m% SM
S HpP12 vy v, A S/a Yi

Ye = A H,33 = AP12€EM I'f 33 =

oMty M sin(26), (3.33)

Aps = C%)\m + s%)\m — 6%

We used the covariant derivative expansion [197] for matching at one-loop-level. We found
no new operators which are phenomenology important and corrections to already existing ones
can be safely neglected due to the stronger suppression.

While first numerical results in the mono-h channel confirm the EFT validity for A 2> 1.5 TeV,
the corresponding cross sections are far below the current exclusion limits. Therefore, we leave
detailed numerical tests of the matching validity for future work. As a consequence, it would be
interesting to consider more complex dark sectors containing for instance additional vector-like
quarks. Those could enhance the desired cross sections, and give rise to some of the effects
discussed in the next chapter.
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Chapter 4
Phenomenology of the eDMEFT

After introducing the eDMEFT as a potential next step in the evolution of effective models for
DM searches, we extensively explore its phenomenological aspects in this chapter.

In the first half, constraints on the general eDMEFT parameter space considering the predicted
relic abundance, present and future DD and ID experiments, as well as collider searches are
discussed. Besides mono-jet searches for DM, we take Higgs precision measurements and
resonance searches for the mediator into account, including vector-boson, di-jet, and di-Higgs
final states. We determine viable areas in the parameter space for the scalar and pseudoscalar
mediator and identify regions where cancellations in the DD cross section appear. These
cancellations can lead to allowed regions for the scalar mediator that could be missed in a
simplified-model approach. Those regions are present in the eDMEFT and could result in LHC
discoveries.

To further demonstrate the flexibility of the eDMEFT, we investigate two slightly modified
scenarios in the second half of the chapter. In the first scenario, the mediator together with
the first fermion generation are charged under an additional Zs-symmetry. This symmetry
gets spontaneously broken by the vev of the mediator. Thereby, this symmetry assignment
could provide a mechanism to generate small masses for the first fermion generation, and
would strongly suppress the usual Syy interaction. The bi-quadratic term S?yx would be
allowed, and could lead to interesting di-fermion plus F signatures at current and future
colliders. For the second scenario, we further extend the setup with a second Zs symmetry
and an associated mediator motivated by generating neutrino masses. In this setup, it is
possible to characterize the excess in low energy electron recoil events recently announced by
the XENONI1T collaboration. We consider the scattering of DM and neutrinos on electrons,
and find that the neutrino option leads to a significantly better fit. The preferred parameter
region is then confronted with several constraints, which can be circumvented by appropriate
choices of parameters, and a non-trivial thermal history of the universe.

In detail, this chapter is organized as follows. Starting with the scalar eDMEFT, we survey
its astrophysical DM phenomenology in Sec. 4.1.1, and provide expressions for relevant cross
sections. In Sec. 4.1.2, the collider observables listed above are discussed and exclusions from
the mono-jet final state are given. Consequently, we systematically explore the eDMEFT
parameter space in an increasing level of complexity in Sec. 4.1.3, taking into account all
relevant constraints discussed so far. We start with simple, portal-like subsets of the higher-
dimensional operators, which then are extended by additional effective interactions. Finally,
the full eDMEFT parameter space is approached with generic scans. The analysis is repeated
for a pseudoscalar mediator in Sec. 4.2 with a similar structure. Sections 4.1 and 4.2 closely
follow Ref. [264]. In Sec. 4.3, we investigate the scenario of the mediator being charged under
a Zg-symmetry; following Ref. [265]. Limits from the di-fermion+ ' final state are derived for
the (HL-)LHC in Sec. 4.3.1 and for CLIC in Sec. 4.3.2. The reported XENONIT excess is
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addressed in Sec. 4.4; following Ref. [266]. After laying out the setup in Sec. 4.4.1, we present
fits to the excess in Sec. 4.4.2 and the considered constraints in Sec. 4.4.3, and summarize our
findings in Sec. 4.5.

4.1 Scalar Mediator

We start exploring the phenomenological variety of the eDMEFT with the case of a scalar
mediator. With the expressions from Sec. 3.3.1 and the Lagrangian in Eq. (3.20) at hand,
we will scrutinize the spanned parameter space in an increasing order of complexity. To this
end, we will first briefly review astrophysical and collider bounds on the DM properties and
how they manifest themselves in the eDMEFT. For first insights into the framework under
consideration we identify simple portals to the dark sector and complete them with additional
effective operators. This can lead to viable regions in parameter space through cancellations in
DD, which would be missed in simplified models. We then combine all experimental constraints
in general parameter scans to unfold the full strength of the eDMEFT.

4.1.1 Dark Matter Phenomenology

Besides parameterizing DM searches, the aim of the eDMEFT is to provide guidelines towards
consistent models of DM. Therefore, it is essential to consider general DM properties, and to
investigate how they can be realized in this framework. To this end, and to help interpreting
later results, this section revisits the annihilation cross sections for the relic density and ID, as
well as constraints from DD. Here, first crucial differences to simplified models will appear.

Relic Density Throughout this work, we assume that the DM was produced by thermal
freeze-out. An approximate condition to generate the correct relic density is a thermally
averaged annihilation cross section (ov) ~ 2 x 10726cm3s™! =00 [267]. A number of channels
can contribute to the total annihilation rate, the dominant ones are briefly discussed hereafter.
In addition, approximate results for the cross sections are given in the velocity expansion
(ov) =~ a+ bvi, in order to build up some intuition for the most relevant contributions. The
velocity expansion is not a reliable approximation in some phenomenologically relevant regimes,
e.g. around the pole m, >~ mg/2 [268|. For the actual analyses, the freeze-out equations are
solved numerically with micrOmegas [269,270], and we do not rely on analytic estimates.
The DM can annihilate into SM fermions, f, through s-channel exchange of the mediator
S or the SM Higgs h. The effective operator induced cross sections scale as (yg yf v/A)? or
(yf yrv/A)?, where yy is the corresponding SM Yukawa coupling. Neglecting the Higgs portal
interaction and scalar mixing via A ¢, the leading contribution in the velocity expansion is

N BR)
T AT (g — am2)”

2 2 4 2
2.5 x 1072 00N (23) (i ) (29 (o) oy < 28

2 2 2
0.108Nc(731,;ev> (7109n§ev) (ysy;?) : my > 1S

(ov) 5y vi (4.1)

~

2~

where vg ~ 0.1 is used for the numerical estimates throughout this section.
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4.1 Scalar Mediator

If the coefficients Cév, with V =G, B, W, or yf are sizable, the DM can also annihilate
into gauge bosons, through s-channel exchange of S or h. Taking the annihilation into gluons
as an example, the cross section for that case can be estimated as

2
1 CS 2 m4
(00)gq ~ ( GG) Ys X 2

~ 4.2
A2 (ot amd)? ”

2 4 4 s 2
—3 0 ( 3TeV My 500 GeV asCa 2 mg
3.2x10 Uv( A ) <1OOGeV) ( ms ) < ar > Ys, My <73
~ 2 51 2
0 (3TeV asc 2
0.10, (—Ae ) ( 47TG> Yg, my > 52

From the equations above, we see that the annihilation cross section into gluons remains in
general below the thermally favored value, unless a rather low scale and sizable couplings
enhance the annihilation rate considerably.

For DM heavier than the scalars, the hh, hS and S.S annihilation channels become kinemat-
ically allowed. These are particularly interesting since they can be realized at D=4, and the
cross sections are therefore not suppressed by 1/A2. For example, the minimal contribution to
the annihilation into the SS final state is given by

vs

3
X

100 GeV

2
> ys  for mg < my,. (4.3)
M

The annihilation into the other scalar states can also be realized without higher-dimensional
operators. However, the cross sections are proportional to powers of sg, which is small due to
the constraints from Higgs physics.

Finally, an intriguing new option arises due to the presence of y;? , which enables the
annihilation into mediator pairs without inducing s-channel interactions of DM with SM
particles. Thus, DD bounds can be avoided even in the presence of sizable values for C{?V, yf
or Ny g. For mg<m,, the corresponding annihilation cross section is approximately given by

2
1 [y TeV \ 2
(0055 (%i‘) v? ~3.2x107209 (3 Aev) (¥5). (4.4)

~ 6dr

Even though this contribution is naturally suppressed by mi /A? relative to the one from Sy,
it can dominate the annihilation channels for yg < 1, A = O(1TeV), and yi =0(1).

For all annihilation channels, the first non-zero term in the velocity expansion of the thermally
averaged cross section is p-wave, meaning (ov) ~ vi. This leads to a generic suppression of
the DM annihilation cross section, since vi ~ 0.1 at freeze-out. Hence, obtaining the observed
relic density requires larger couplings than in the s-wave case.

Another important aspect is the overall scaling of the annihilation cross sections with 1/A2,
with the notable exception of the SS final state. The cutoff suppression originates from the
coupling of DM with the Higgs boson, or of S with SM fermions or gauge bosons. This
represents a relevant difference between the eDMEFT and simplified models [56-59]. In the
former case, a gauge-invariant construction imposes a Higgs insertion, or mixing between the
scalar mediator and the Higgs. Both variants imply a suppression factor for the couplings
of S with SM fermions, proportional to v/A or the mixing angle sy. In contrast, simplified
models frequently consider arbitrary couplings between the mediator and SM fermions limited
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only by perturbativity. This has relevant phenomenological implications since it implies that
the simplified models allow for artificially larger annihilation cross sections of DM into SM
fermions, than an appropriately applied EFT.

Direct Detection As mentioned in Sec. 2.2.2 severe constraints on scalar mediated DM arise
from DD experiments, which are mostly sensitive to SI scattering of DM on nucleons. Those
interactions are induced by diagrams with a ¢-channel exchange of h or S between DM and the
constituents of the nucleons, namely quarks and gluons. The SI cross section for DM-proton
scattering can be written as

2
2 2 S
st _ Hxp Mp 9HxxY9Hqq | 9Sxx9Sqq 2 gsyx e
I = T A2 ) fg( e T T om2 fra| (4.5)
q=u,d,s,c,b;t h S s

where p,, is the reduced mass of the DM-proton system and m, the proton mass. Here,
generic expressions are used for the couplings of A and S with pairs of DM and SM quarks. In
the absence of mixing between the scalars, they simply read gp :yf 2 9Sxx =YS» GHgq =1
and gggq = y(‘? v/(v/2my), while becoming more complicated in the presence of mixing. The
parameters fj are the structure functions of the proton with f¥ = f¥ = ff = 2% fre and
fra=1-=3—uas f¥ with adopted default assignations of micrOmegas [269,270]. The cross
section for scattering on neutrons can be obtained by replacing m,, with the neutron mass, and
substituting the appropriate values for the structure functions f", instead of f? in Eq. (4.5).
The terms in the SI cross section in Eq. (4.5) feature a relative minus sign. Therefore,
destructive interference between the different contributions is possible. A perfect cancellation
leads to a so-called blind spot in which DD experiments are unable to probe the dark sector.
While blind spots are known in the DM literature, so far they have been found when combining
different types of mediators [271-274]. Also in the eDMEFT in the case of pure mixing, a
natural blind spot arises at mg=my. In the eDMEFT a new type of blind spots are present,
caused by different operators featuring only one mediator. It is instructive to consider the
conditions for the occurrence of such blind spots for simple cases. If the mediator couples only
with gluons and top quarks via their effective operators to the SM, a blind spot arises for

Y v
3\@mt

In the case in which the couplings of S with the SM quarks are exclusively induced by mixing
with the Higgs, the blind spot condition is slightly more complicated, and given by

g = (4.6)

s P+ M+ 4+ Zfra A (m}—m)coso
=2 — L ST (4.7)
fra v omici—mis?
Blind spots can also be realized in more general scenarios but the analytic conditions become
complicated and do not add significantly to the understanding. Therefore, we do not report
them explicitly but note that they are considered in the numerical analysis.

Indirect Detection In order to assess potential implications of ID for the DM properties
of the eDMEFT, the velocity expansion of the annihilation cross section is of great interest.
The typical velocity of DM in astrophysical structures today is O(1073) whereas the typical
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velocity at freeze-out is ~ 0.3. Consequently, higher-order terms in the velocity expansion are
strongly suppressed nowadays, and only s-wave annihilations lead to a rate in the ballpark
of the canonical cross section for a thermal relic of (ov) ~ 2 x 10726 cm3/s. As explained
above, the relevant DM annihilation channels in the scalar eDMEFT have velocity-dependent
annihilation cross sections. Therefore, the impact of ID constraints for a scalar mediator is
expected to be marginal, and will not be considered in the following.

4.1.2 Collider Signals

Now that we have reviewed bounds related to astrophysics and cosmology, we summarize
collider searches with potential impact on the extended particle content. Obtaining a valid
collider phenomenology has been among the main motivations for the development of the
eDMEFT.

The framework is characterized by different collider signatures, whose relative relevance
depends on the values of the effective couplings and the mass hierarchy. Most of these signatures
are associated to the resonant production and subsequent decay of the mediator, S. Taking
the MFV-inspired ansatz detailed above for the D =5 couplings of S with the SM quarks,
the main production channels of the new mediator are via Higgs-mixing, or via gluon fusion
with the effective coupling cé, or via yf induced top-loops. The case of gluon fusion can be
approximated by Eq. (2.40) with ¢ = gg. The decay width of S to gluons via the effective
contact interaction is given by

2m3 ascS 2
(S = g9) = —13 ( 4;;) : (4.8)

while the contribution from quark loops (dominated by the top) is given by

«

2 2 2
P(S = 99) = 155 12 s > (45) Fslrgs), (4.9)
q

where 7, ¢ = 4m?/m%, and the loop function Fyg is given in Eq. (A.9) [139,275]. The Higgs-
mixing case is obtained by the replacement y;f v/A — ys’M sin@. In the presence of sizable c%
and ca/ couplings, vector-boson fusion (VBF) production would also be possible but is not
explicitly explored here.

After production, the particle S can decay into four classes of final states: (i) DM pairs
xx; (ii) SM fermion pairs ff; (iii) gauge boson pairs VV; (iv) di-Higgs hh. The DM pair
production processes can be tagged only if accompanied by additional radiation. In our
study we will mainly focus on mono-jet events, as the emission of gluons or quarks from
the initial state provide the strongest constraints [61,75]. Interesting correlations might be
probed by exploring mono-Higgs signals [245]|. In addition the bi-quadratic portal y;? can give
rise to interesting di-jet+J, signatures and is discussed in more detail in Sec. 4.3. While
being out of reach of current LHC runs, they can potentially be probed in upcoming collider
experiments. Besides from ISR, mono-Z events could originate from dimension six operators
with an additional momentum dependence and cutoff suppression, which are beyond the
truncation of the eDMEFT.

In order to obtain bounds for the eDMEFT, simulations for the mono-jet final state are
needed to rederive the limits obtained Ref. [77]. To this end, we implemented the eDMEFT
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Figure 4.1: Exclusion limits from the ATLAS mono-jet search [77] in the mg—cg (left) and
ms—y; plane (right), normalized to A. In both cases ys = 1, m, = 10 GeV, and all
other couplings are equal to zero.

setup in the event generator MadGraph5 aMC@NLO 2.6.3 [140].! The simulated events
have been processed through CheckMATE 2.0.26 [135,228,229,276,277], linked with PYTHIA
8.1 |278,279| for the parton showering, and Delphes 3 [148] for a fast detector simulation
employing the mono-jet search performed by ATLAS in 2017 [77]. A k-faktor ICgq = 1.5 is taken
into account which is known from Higgs production to describe the NLO QCD corrections for
scalar masses in the range of 100 —1000 GeV in good approximation [280]. In this search, twenty
signal regions binned in terms of the missing transverse energy Fp are defined. To ensure the
EFT validity only “exclusive signal regions” (EM) with £ < 500 GeV are considered. We find
that for most values of mg EM4, with 7 = (400 — 500) GeV, gives the strongest constraints
of all bins, while ensuring the validity of the eDMEFT for A 2 1 TeV. Therefore, we stick to it,
which also avoids additional fluctuation due to changes of the signal region.

For illustration, Fig. 4.1 shows the exclusion limits from mono-jet searches as function of
the mediator mass for a fixed value of m, = 10 GeV, assuming that the mediator exclusively
couples to top quarks via the yf Yukawa portal (right panel) or to gluons through the effective
Cg portal (left panel). The choice of DM mass does not harm the generality of the results, since
we have verified that the experimental sensitivity is basically independent of m, as long as it is
below the threshold at mg ~ 2m,. For heavier DM, no robust constraints can be derived since
the required couplings would violate perturbativity. The exclusion limits can be expressed
in terms of the dimensional ratios c¢Z./A and y7/A. We find that, even for m, < mg/2 the
region of parameter space which can be probed through current mono-jet searches is rather
limited — typically allowing only O(1) couplings to be tested. In addition, the sensitivity
for yf /A decreases significantly for mg > 2m; due to the growing partial width of S to tops,
suppressing the BR(S — xX), as shown in the right panel of Fig. 4.1.

If the coupling yf is non-zero, or the mass mixing between S and h is sizable, DM pairs can
also be produced from Higgs decays. Limits have been determined through Higgs-to-invisible
searches; for recent reviews see e.g. Refs [110,132,281]. Hence they are effective only for
my < my/2; see Ref. [110] for a discussion of possible prospects for m, > my,/2, and Sec. 2.1.3
for the case of light mediators. In the following we use the analysis [130] performed by ATLAS,
combining the 7-8 TeV and 13 TeV data sets and different signal topologies leading to the limit
of BR(h — xx) < 0.26. We note that the new limit of Br(h — xX) < 0.11 presented in [132]
does not change our findings significantly. Here the improvement is mainly driven by a new
search in VBF production [131].

1We only simulated events with the emission of one hard jet.
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Concerning category (ii), under the assumption of a MFV like structure for the dimension-five
couplings of S with the SM fermions, we do not expect sizable signals at colliders from decays
induced by this couplings. In particular, the current limits from ¢¢ resonance searches [151,282]
are too weak to constrain the range of couplings considered here. Once compatibility with
measurements of the Higgs signal strengths is required, the prospects for direct searches of this
category are similarly poor in the case of mixing between h and S.

Moving to category (iii), the most promising searches are those for EW gauge boson pairs.
For our study we have applied the latest results from searches for WTW~, ZZ |283-285| and
diphoton [286,287] resonances?. We remark that while a sizable diphoton signal relies basically
on the presence of D =5 couplings of the scalar mediator with gauge bosons, a detectable
WW/ZZ signal can also be generated in presence of non-negligible h—S mixing. As pointed
out in e.g. [262], WW/ZZ searches provide the strongest constraints on the mixing angle, 6,
for mg > my,. In addition to EW gauge boson pair signatures we also consider limits from
dijet searches [290] possibly originating from the decay of the resonance into gluon pairs. All
these constraints will be implemented when exploring the eDMEFT parameter space in the
next section.

Finally, the last category of signals from S decays, the hh final states, arises for sizable values
of Ags, and thus in the presence of significant A—S mixing. We consequently include in our
analysis limits on di-Higgs production considering the final states: 4b [291,292], bbWW [293],
borT [294], vyWW [295] and yybb [296]. A combination of the individual constraints has been
given in [297,298|.

The collider searches just illustrated are sensitive mostly to heavy masses of the mediator,
namely above the mass of the SM Higgs. Since we also consider the case of a light mediator,
we include bounds from searches for a low mass Higgs at LEP [299,300] as well as constraints
from b-physics [301,302|. Furthermore, we have imposed that the sum of BR(h — SS) and
BR(h — xX) does not exceed the constraint on the Higgs-to-invisible width.

4.1.3 Combined Results

After discussing several sources of constraints we will apply them systematically to the parameter
space of the eDMEFT. The general Lagrangian in Eq. (3.20) includes three new mass scales
my, mg, and A and several new couplings. In order to avoid an excessively high dimensionality
of the parameter space, the following simplifying assumptions have been adopted, unless
differently stated.
First, the scalar couplings Ag, Ny, Ags and the D=5 terms of the potential cy\g, cus, cxm are
set to zero, since they are expected to have a negligible impact on the analysis. As already
pointed out, we will adopt a flavor-diagonal ansatz for the D =5 couplings of S to SM fermions,
following y? = cgyy. Similarly, a single free parameter cg = c% = cﬁ, = c‘S/ describing the
D =5 couplings of the mediator with gauge bosons is typically assumed. Further, we will
neglect the effective Higgs—DM interaction ~ yf for most of the analysis, since it is independent
of S, well studied, and strongly constrained by DD. In summary the considered parameter
space of the eDMEFT is spanned by (m,, mg, ys, Nyg, Cs, c‘s}, y;?)

The following analysis will go through three steps with increasing degree of complexity. At
the beginning, we will consider four basic portals which can be obtained from the eDMEFT
by setting most of the couplings to zero. Since a lot of results for these portals are already

2In principle searches for Z~ resonances should also be considered. However, most recent analyses [288,289]
only consider scalar resonance with masses above 1TeV and these high values are not part of our analysis.
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present in the literature, the following paragraph should be seen as a brief review. The next
step will consist of studying in more detail some benchmarks for a Higgs-mixing portal scenario
augmented with the presence of D=5 couplings of S with gauge bosons. This will represent
a first illustration of the strength of the eDMEFT and will provide some insights into the
interplay of the different operators. Finally, a systematic analysis of the full parameter space
of the model will be presented. In order to assess the robustness of the main results we will
relax some of the assumptions mentioned above, and comment on their impact.

Four Basic Portals in Isolation The eDMEFT implies four basic portals between DM and
the SM, each corresponding to subsets of operators of the Lagrangian in Eq. (3.20). These
portals emergie via:

1. S-Higgs mixing: £ C —ysS xx — Ny qv|H|*S
2. the effective Yukawa operator: £ C —ysSXx —csysx S ff

S
3. the effective gauge operator: £ C —ygS xx — % SVeV,,, V=G, W,B
H
4. the effective Higgs—DM operator: £ C —y% |H|? xx,

where the Higgs field is set to its vev for the effective Yukawa portal. These portals in isolation
have been considered in the literature and received substantial attention in recent years. Before
summarizing their main properties, we remind that the eDMEFT uplifts these portals to a
complete D=5 field theory, besides being agnostic about the origin of operators. This includes
for example the bi-quadratic S?yx term discussed in Sec. 4.3. It thereby allows to capture a
large class of DM scenarios as well as new cancellation patterns in DD emerging non-trivially
in the full EFT.

Some of the generic features of the mixing portal have been discussed in Sec. 3.3.1, more
details can be found in e.g. [110,303]. In this setup the dark Yukawa operator Sy is combined
with the mixing between S and h induced by the scalar potential. It is noteworthy that this
connection between the DM and the SM is realized by renormalizable interactions. Therefore,
the strength of this potential is not controlled by the scale of the higher-dimensional operators
and could potentially be rather large. However, the mixing is limited by Higgs measurement as
discussed in the previous section. Very roughly the bound can be approximated as sy < 0.2 in
substantial parts of the parameter space. This is comparable with the generic suppression of
higher-dimensional operators that feature a Higgs field, v/A ~ 0.25, for A ~ 1TeV. We refrain
from linearizing the effects of mixing, and always take the full diagonalization of the fields into
account.

The effective Yukawa portal combines the renormalizable Syyx interaction with a D =25
coupling of the scalar mediator to a pair of SM quarks. It corresponds to a realization
of the not gauge invariant, simplified models for a scalar mediator coupled to fermionic
DM [56,57,241,242,304].

Analogous the effective gauge portal connects Syx to the SM via an effective interaction of S
with the gauge field strength tensors. This kind of interaction is actually present in the simplified
Yukawa portal, where it arises at the one-loop level from couplings of the scalar mediator
with (mostly) two top quarks and plays a relevant role in its collider phenomenology [241,242].
Alternatively, the SG,,, G'” vertex can for example be generated in models with heavy vector-
like fermions, e.g. studied in [138,305-308]. We remain agnostic about its origin here.
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Figure 4.2: Isocontours of the correct relic abundance for the mixing (left), Yukawa (center),
and gauge (right) portal for yg = 1. The upper panels display the m,—coupling
plane for mg = 100 GeV (black, solid) and mg = 500 GeV (red, dashed). In the case
of the mixing portal, the y-axis is |sin #| instead. The lower row shows the mg-m,
plane for sinf = 0.1, ¢cg = 1 and 0‘5} = 1, respectively. Limits from XENONIT are
given as light red (gray) shaded regions for a light (heavy) mediator. In all cases
we have set A = 3TeV.

Finally, the effective Higgs portal is distinct since it does not involve the new scalar mediator
and has only two free parameters, namely yf /A and m,,. Since there is only one coupling, the
relic density is tightly connected with the DD rate. Values of yf leading a successful thermal
freeze out are excluded by the strong constraints from DD; see Refs. [110, 303, 309] for an
in-depth discussion. Therefore, we will not consider it further.

We will review the DM phenomenology of the portals in the following. The well-known
features of the first three portals are visualized in Fig. 4.2, which displays isocontours corre-
sponding to the observed relic density as well as DD constraints in the coupling-m, plane
(upper row) for fixed mg = 100 GeV (black) and mg = 500 GeV (red), as well as in the mg-—m,,
plane (lower row) for fixed values of sinf = 0.1, cg = 1, and c‘S/ =1, for the mixing, Yukawa
and gauge portal respectively.

As can be seen the correct relic density is typically achieved only for special kinematic con-
figurations. A noticeable region is represented by the resonance at m, ~ mg/2, corresponding
to a strong dip in the relic density curves in the upper panels of Fig. 4.2 and the rightmost
diagonal lines in the lower panels. Then, the correct relic density can be achieved at the opening
of the annihilation channel yy — S? at m,, &~ mg, the so-called secluded regime [310,311]. In
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the secluded regime, the relic density depends only weakly on the couplings between S and
the SM and is therefore characterized by the almost vertical lines close to the threshold in the
upper panels of Fig. 4.2 and the left diagonal in the lower panels. The annihilation into S2
can also account for the correct relic density when m, is considerably higher than mg, see
Eq. (4.3) Hence, a second vertical line is present in the upper row of Fig. 4.2 corresponding to
the nearly horizontal lines in the lower one. In addition, the annihilation cross sections receive
an enhancement at m, = my,/2 in portals which lead to a direct coupling of DM and h, such
as the Higgs-mixing portal, shown in left column of Fig. 4.2.

Limits from DD play the most important role in determining whether a model with a real
scalar mediator is viable or not. The scattering of the DM with nuclei is induced by three
different types of interactions with the SM in the various portals. It is then worth considering
the interplay of the individual interactions with the relic density. As can be seen in the lower
row of Fig. 4.2, the DD constraints resulting from XENONI1T, depicted by the shaded regions,
are most constraining for low mediator masses and relax somewhat for mg > 200 GeV in the
effective Yukawa and gauge portals. In case of the Higgs mixing the softening of the constraints
for large scalar masses is less pronounced since the pure Higgs contribution is not directly
sensitive to mg and then dominates the DD cross section. However, fixing a value for sin 6
while varying mg as shown in the lower left plot corresponds to changing parameters in the
scalar potential. In general, the contributions from Higgs and .S exchange interfere destructively
such that an unconstrained region at mj ~ mg shows up. In all considered models the DM
abundance relies on annihilation with velocity suppressed cross sections such that ID searches
are not relevant.

Completing Simplified Models with EFT After reviewing the simple DM-SM portals in
isolation, we move to more complex scenarios unfolding the strength of the eDMEFT. To
this end, we will start with the case of the Higgs mixing portal completed with the effective
couplings of S with the SM gauge bosons. As already discussed, this setup may allow for the
presence of blind spots in DD and, consequently, potentially relax the strong bounds found
in the simple portal case. To the end of this paragraph we will also show results for the
combination of the effective gauge and Yukawa couplings.

In the discussion of the two scenarios we will focus on three selected benchmarks, which are
identified by specific assignments of the (m,, mg) pair, namely (80, 200) GeV, (225, 500) GeV
and (500, 300) GeV. For each of the considered benchmarks we will compare the different DM
and, where relevant, collider constraints in the )\/H g~ Ys, or cs—ys plane, respectively, for three
values of cf} =0, 1, 5 and fixed A = 3TeV.

The first benchmark is characterized by relatively low values of m, = 80 GeV and mg =
200 GeV, and is displayed in the upper row of Fig. 4.3. With m, > m;,/2 Higgs-to-invisible
searches have no impact on this benchmark. Nevertheless, due to the small value of mg, values
of )\/HS 2 0.2 are excluded by constraints on Higgs mixing. Furthermore, current LHC searches
of resonances decaying into visible products are not effective for this low value of mg. On the
contrary, for cé =5 a part of the viable region for the relic density is excluded by the mono-jet
search [77]. Another notable feature is that the presence of the effective coupling c‘S/ has only
a modest impact on the relic density since m, <myy. Thus, the corresponding isocontours are
similar for the three considered assignments of c‘S,. The relic density is driven by annihilation
into SM fermions, mostly bb, with a modest s-channel enhancement since the DM mass is
not too close to the pole at mg/2. This requires rather high values of yg to comply with the
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Figure 4.3: Summary of constraints for the mixing portal completed with effective mediator-
gauge boson interactions. The results are shown in the XHSfyS plane for c%} =
0,1, 5 and three (m,, mg) assignations as indicated in the individual panels.
The red contours correspond to the correct relic density while the blue regions are
excluded by DD, as given by XENONIT, and the magenta (purple) regions represent
the projected sensitivities of XENONnT (DARWIN). The regions excluded by Higgs
signal strengths are depicted in gray. Green, cyan, and orange regions are excluded
by collider searches for resonances decaying into SM Higgs pairs, massive gauge
bosons, and photons, respectively. The latter bounds rely on the assumption of a
common parameter c‘S/ for the couplings with gauge bosons, and could be lifted
by setting c%, cI*?V < cg. The yellow region in the top right plot is excluded by
mono-jet searches.
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correct relic density. While for c“s} equal to zero or one this benchmark is ruled out by current
bounds from XENONIT, for C“S} = 5 a small window remains open where a DD blind spot can
occur along the relic density isocontour. This already rather small stripe will soon be reduced
substantially if DM signals at the next generation of DD experiments remain absent — or
might allow for a potential discovery.

Our next benchmark with m, = 225GeV and mg = 500 GeV is explored in the second row of
Fig. 4.3 and represents a scenario with m, close to the pole at mg/2. Contrary to the previous
benchmark, large values of c€v do have a significant impact on the relic density since it is very
sensitive to the total width of the scalar mediator. Given also the occurrence of the blind spot,
we notice that the viable region of parameter space for c‘b; = b5 is wider with respect to the two
other assignments. A small portion of parameters evade even the projected constraints from
the future DARWIN experiment. On the other hand our choice of mg renders this benchmark
sensitive to collider experiments. The colored regions represent the exclusions from the various
searches mentioned in the previous section. As evident, searches for diboson final states are
most effective, and their exclusions are indicated by the cyan regions in the plots. This is
because the cross section o(pp — S — WW/ZZ) can be substantial both for sizable values of
sin 6, induced by )\/HS, and for large values of c%,W. The high value of mg makes mono-jet
searches inefficient, compare Fig. 4.1.

The last studied benchmark corresponds to m, = 500GeV and mg = 300 GeV, and is
summarized in the bottom row of Fig. 4.3. In all three panels the correct relic density is
determined by a basically constant O(1) value of yg. This reflects the fact that it is obtained
in the secluded regime [310,311], hence fixed via the xyxY — S? annihilation process. In
consequence, the relic density is entirely set by parameters of the dark sector, m,, mg, and ys.
The coupling c‘sf affects the DM phenomenology by changing the position of the blind spot,
therefore determining the range of )\IH g for which even future DD constraints can be evaded.
On the other hand, for large values of c‘s/ ~ 5 this benchmark is ruled out by collider bounds,
and those from diboson searches are dominant again.

Indeed the collider constraints strongly rely on the assumption of a universal coefficient cé for
all gauge boson couplings, and lifting this assumption would allow to evade them. Considering
for example C%, cﬁ, < cé would remove the bounds from diboson searches but keep those from
DD which are sensitive to cg. In the secluded regime this would further open an interesting
window at moderate values of )\;IS, which could evade projected XENONNT exclusions via
destructive interference between different operators, but would become testable at DARWIN,
as shown in the bottom right panel of Fig. 4.3.

To facilitate the understanding of the more general results discussed in the next paragraph,
in particular the cancellations in DD, we express the results concerning the combined DM
and collider constraints in the /\}{S c‘S/ plane for ys = 1 in Fig. 4.4. The two benchmarks
(my, mg) = (225, 500) GeV (left panel) and (500, 300) GeV (rlght panel) show a clear blind
spot in DD due to the interplay of ¢ and S-Higgs-mixing via N, s, as given in Eq. (4.7). The
case m, = 80GeV, mg = 200 GeV is not shown, since it does not allow for the correct relic
density. The right panel of Fig. 4.4 does not show a relic density isocontour since the DM
abundance is determined entirely by the annihilation process xyx — S2, which depends on
ys. We also notice a non-trivial interplay between )‘;IS and C‘S/ regarding the shape of the
excluded regions from diboson searches emerging for c‘s, larger than one. In particular for both
cﬁ, A;IS ~ O(1) a destructive interference can be present between the different contributions
to the production process of the resonance.
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Figure 4.4: Summary of constraints in the )\/HSfc‘b; plane for the benchmarks in the second
and third row of Fig. 4.3, employing the same color code. In the right panel the
relic density can be obtained in the whole region with a suitable choice of yg. The
case m, = 80GeV, mg = 200 GeV is not shown, since it does not allow for the
correct relic density.

Before moving to the systematic survey of the parameter space, we consider a different
combination of portals in Fig. 4.5, turning on the D =5 Yukawa and gauge portals with
non-vanishing couplings cg and 0‘5}, while setting the h—S mixing to zero. We stick to the same
benchmark masses as in Fig. 4.3, excluding the case of (m,, mg) = (80, 200) GeV, since here
the correct relic density cannot be achieved. We notice again the occurrence of blind spots,
and a globally weaker impact from DD constraints, because the SM Higgs does no longer act
as a mediator. Conversely, the lower branching ratio of S into massive gauge bosons makes the
bounds from diphoton resonance searches stronger. They cover the region of small yg, where
also the decay width to DM is small, and therefore act complementarily to DD.
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Figure 4.5: Summary of constraints in the cg—yg plane and setting the h—S mixing to zero for
the benchmark masses from the second and third row of Fig. 4.3 with the same
color code. The case m, = 80GeV, mg = 200 GeV is not shown, since it does not
allow for the correct relic density.

66



4.1 Scalar Mediator

Generic Parameter Scan We finally survey the full eEDMEFT. As discussed in detail in this
paragraph, important quantitative differences will emerge between the full eDMEFT and the
simplified model cases discussed above. Especially new allowed regions in parameter space
will open up, even surviving the projected XENONNT constraints. To this end, we perform a
scan considering the simultaneous presence of all parameters identified at the beginning of this
section. With the mentioned restrictions and for fixed A = 3TeV the considered ranges are:

(4.10)

For each obtained configuration, we compute a comprehensive set of observables. We consider
the relic density, the SI scattering cross section for DD, the Higgs-to-invisible width, the LHC
mono-jet rate, and the production cross sections of the diboson resonances listed above. In
addition, we apply the general bound on the mixing between the SM Higgs and a real scalar
singlet as determined e.g. in Refs. [262,312].

In Fig. 4.6 the results of the analysis are shown, where the points found in the scan are
projected into the mg—m,, (upper left), mg—c; (upper right), mg—|siné| (bottom left), and
mg—cgs planes (bottom right). The color code identifies three sets of parameters

e green: account for the correct relic density but excluded otherwise;
e orange: allowed by the relic density and DD but excluded by collider constraints;

e blue: satisfy all constraints.

The mg—m, plane is particular illustrative, and shown in the upper left panel of Fig. 4.6.
Here, the areas with the highest density of viable (blue) points, are the special kinematic
regions identified above: the secluded regime with m, >mg, in particular for mg> 100 GeV to
avoid DD constraints, and the poles at m, ~ mg /2. Another notable feature of the first plot
in Fig. 4.6 is the rather small number of orange points compared to the green and blue ones.
This suggest that, currently bounds from DD are the most severe.

Collider bounds mostly depend on the value of c‘é}, and only become relevant for c‘é} >1 and
mg 2 200 GeV, as shown in the upper right plot of Fig. 4.6. We note again that the impact of
collider constraints depends on the assumption cg = C% = ci?v = C‘b;, and results might change
in case the latter is lifted. The lower panel of Fig. 4.6 shows the impact of the applied bounds
on sinf and cg. The latter parameter appears to be constrained only by DD and mostly
for mg < 100 GeV. In the case of sin 6, instead, the combination of searches forms a useful
complement, especially for 50 GeV < mg < 300GeV. Finally, one can observe overall how
larger mediator masses allow for bigger couplings to SM states due to weaker DD constraints.

In Fig. 4.7 we continue to explore the parameter space focusing now on the possible size
of ys in dependence on mg (upper row) and m, (lower row). In addition we confront the
full eDMEFT parameter set (right column), as defined in Eq. (4.10), with a scenario in which
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Figure 4.6: Results of the parameter scan for the scalar eDMEFT setup in the mg—m,, mg—

C‘S/, mg—|sinf|, and mg—cg planes. The green points provide the correct relic
density according to the WIMP paradigm, while the orange points are, in addition,
compatible with constraints from DD. The blue points are, finally, also compatible
with collider constraints. See main text for details on the scan and the constraints

accounted for.

the bi-quadratic S?yy interaction (left column) vanishes. In the upper left plot one can
clearly identify the secluded region around ys < 1 opening up for smaller mg. Including
the couplings yi in the full eDMEFT, as done in the upper right plot, shifts the valid points
significantly towards smaller yg, since now the bi-quadratic mediator-DM portal allows for
efficient annihilation of the DM, and thus relaxes the DD constraints. A similar trend is visible
in the m,—yg plane, shown in the lower panel. Furthermore, the latter plane evidences a narrow
strip of viable model points for m, ~ 60 GeV corresponding to the m, ~ mj,/2 resonance.

To improve the understanding of the obtained results, and to localize the viable parameter
regions that conventional simplified models might miss, we disentangle the portals identified
above. We skip the effective Higgs portal via |H|?>xY as it is independent of S. Thus, in
addition to the scan over the full set (my, mg, ys, Nyg, cs, C‘S}, y;f ), we performed dedicated
scans of restricted parameter sets corresponding to the different portals taken individually,
while the corresponding intervals remain as given in Eq. (4.10). In Fig. 4.8 we compare the
viable regions in the mg-m, plane of those portals with the results of the full eDMEFT
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Figure 4.7: Results of the parameter scan for the scalar eDMEFT setup in the mg—ys and
m,—ys planes, following the same color code as in Fig. 4.6. The right column
corresponds to the full eEDMEFT parameter set, while in the left y;j = 0.

and the yf =0 case.® For simplicity, we only show two kind of points: in blue, those that
simultaneously satisfy all constraints entertained before, and in red, those which also pass
the projected XENONNT bounds. This makes particularly transparent which scenarios can
remain valid while constraints from DD get stronger. In the upper left and middle panels, one
can see that regarding current bounds the D=5 Yukawa and gauge portals tend to occupy
rather similar regions of the parameter space mostly restricted to the secluded regimes and
the poles m, ~ mg/2. However, the former portal features a larger viable region around
my ~mg/2 for mg > 2m;. In this regime the decay S — ¢t is allowed increasing the total
decay width of S. Since a wider resonance boosts the annihilation cross section further away
from the exact resonance condition, the allowed region also broadens. For this case, it could
be interesting to also consider correlated limits from mono-Higgs final states that necessarily
emerge, but are not captured in the simple Yukawa portal. As shown in the upper right panel,
the mixing portal features a significantly smaller population in the secluded regime, especially
for my < mg < 500 GeV. In this region even the smallest scalar couplings considered in our
scan are under pressure from DD. However, it adds a pronounced m, ~ my,/2 resonance region,
which will be mostly tested by XENONnT.

3Further potential effects of y)‘f are investigated in more detail in Sec. 4.3.
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Figure 4.8: Viable model points for the D = 5 flavor-diagonal Yukawa portal (upper left),
D = 5 scalar gauge portal (upper middle), Higgs mixing portal (upper right), and
full eDMEFT with (lower right) and without (lower left) considering yi , in the
mg—m, plane. While the blue points satisfy all DM and collider bounds entertained
before, the red points represent configurations evading also a projected XENONnT
exclusion.

Once the full parameter space of eDMEFT is considered a significant extension of the allowed
parameter space is present, as done in the lower right panel of Fig. 4.8. This can be traced
back to basically two effects: non-trivial interplay between the different operators causing for
example blind spots in DD, and possible new DM annihilations via the S?Yx operator, as
explained before. To disentangle these effects, also the scenario with y;? =0 is shown in the
lower left panel. We see that even there the parameter space increases notably due to the
operator interplay leading to a broader region of points around the m, ~mg /2 resonance and
the opening of the region towards lighter mediators of mg < 100 GeV for moderate and larger
DM masses. Including finally the coupling y;? fully opens the light-S—heavy-DM quadrant.
This includes even smaller mg due to possible annihilations via the Sy operator which allows
for more modest values of yg and thereby evades DD limits.

The differences between the portals and the eDMEFT get even more pronounced once we
look at the red points in Fig. 4.8, which also pass the projected XENONnNT constraints. The
further strengthened DD constraints would reduce the viable region of the Higgs-mixing portal
mostly to a rather tuned, narrow band around the resonance mg ~ 2m,, and exclude the
region around the Higgs pole. While the Yukawa and gauge portals would be constrained to
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Figure 4.9: Left Panel: Model points in the msfo’)S(;J plane for the full eDMEFT, complying
with all current experimental constraints but being potentially testable at colliders
in the near future according to the criteria given in the main text. The different
colors indicate the processes which can be used to probe the corresponding points,
namely pp — S — V'V (cyan), pp — S — hh (green) and pp — S — 7 (orange).
The regions marked in red will be excluded in the case of no signal at XENONnT.
Right Panel: Same model points in the X}, Sfc‘s, plane, where blue points feature
DM scattering cross sections above the projected limit from XENONnT while red
ones will also pass this upcoming constraint.

that band and small regions in the secluded regime, the full eDMEFT stays vital in large areas
of parameter space. This includes in particular the Higgs resonance, which in the presence of
the new operators remains viable due to cancellations in DD.

One remark about the secluded region, there the correct relic density depends basically on the
parameters yg and yi . Consequently, viable model points evading even future DD prospects
could be obtained by considering extremely small values for the coupling of S with the SM
sector, namely C‘S/, N g, and cg. The restriction of the viable parameter regions for m, >mg
of the individual portals shown in Fig. 4.8 is basically due to our choice of the lower limits for
c‘S/7 Ny g, ¢s as given in Eq. (4.10). This choice is motivated by the “bottom-up” approach of
considering non-vanishing values for each operator not forbidden by a symmetry. Moreover, we
cannot just set all these couplings to zero, since a small but non-zero coupling with SM states
is needed to ensure that the DM was in thermal equilibrium in the early Universe, such that
the standard thermal freeze-out computations are valid. Beyond this, in the full eDMEFT (or
its variant with y;? = 0) the enlarged amount of viable parameter points in the secluded region
compared to the simple portals is partially achieved with moderate values of c%’}, Nyg, and cg.
Those values could already be excluded in the corresponding isolated portals, and could be
large enough to be probed by future experimental upgrades, especially at the HL-LHC. We
will estimate the reach of upcoming experiments in the next paragraph.

In summary, the eDMEFT scenario for fermionic DM with a scalar mediator appears currently
to be most constrained by DD experiments, while LHC searches can exclude limited regions of
the parameter space characterized by high values of the mixing angle 6 or of the D=5 couplings
c‘b;. We now explore whether this situation might change in the near future. Therefore, if
updated LHC results could be more competitive than future DD constraints, at least in some
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regions of the eDMEFT parameter space. Thus allow for a potential “discovery” of DM at the
LHC within our extended framework.

A naive estimate of rescaling the luminosity puts the potential improvement of the collider
limits at \/ Lyt 1uc/Leurent = 10. Therefore, we select from our general parameter scan all
viable points that have a cross section less than one order of magnitude below the present
bound in at least one of the considered collider processes, namely pp — S — V'V (cyan),
pp — S — hh (green) and pp — S — ~7y (orange). Points selected in this way are displayed
in the left panel of Fig. 4.9 in the msfa;}, plane, and compared to the expected exclusion
from XENONDT (red region). As can be seen, a sizable fraction of points is characterized
by strongly suppressed DD cross sections far below the future experimental reach. To better
characterize these parameter points we finally display them in the A}Isfc‘b; plane in the right
panel of Fig. 4.9. In this plot the parameter points with scattering cross sections above the
projected XENONnNT bound are marked in blue, while those evading it are shown in red. The
distribution resembles the shape of Fig. 4.4. We notice in particular a stripe at high values of
c‘S/ and substantial A—S mixing which corresponds to the blind spot highlighted in Fig. 4.4.

It is interesting to note, that the eDMEFT framework allows for detectable collider signatures,
while simultaneously obtaining the correct relic density, and avoiding DD constraints. This
combination is non-trivial. While the next-generation simplified models discussed in Chapter 2
provide strong BMs for mono-X searches, they usually struggle to set the relic density without
the presence of further states.

4.2 Pseudoscalar Mediator

Similar to the next-generation simplified models discussed in Chapter 2, we will also investigate
the important benchmark of a pseudoscalar mediator. The eDMEFT Lagrangian for this case
is given in Eq. (3.30). While sharing basic features with the scalar model discussed in the
previous section, the change in CP property leads to important phenomenological differences
in a number of observables. In the following we revisit various observables for the pseudoscalar
mediator, and work out differences and similarities to the scalar case. We again conclude with
analyzing the full parameter space of the pseudoscalar eDMEFT.

4.2.1 Dark Matter Phenomenology

Since the eDMEFT should provide a valid description of DM, we revisit important quantities to
obtain this, and to get an insight in the results obtained later on. Here, first crucial differences
to the scalar case will appear regarding the velocity dependence of the cross sections.

Relic Density In analogy to the case of the scalar mediator, we present the DM annihilation
cross sections for the relevant channels retaining just the leading part. The thermally averaged
cross section into fermions can be approximated by

N. v* (ygy7)>m3

o) ppe —— oL X
ov)ss 4 A2 (m?§ —4m2)?
2 2 4 :
— G ~
5 x 107207 N (3?\6\/) (10?&\/) (50%5:3\/) (ysuf)? my <

2 2 ~ 5
1.9500N, <3"5‘\6V> <100GeV) (vg y?)27 my > %

mx

(4.11)
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4.2 Pseudoscalar Mediator

In contrast to the case of the scalar mediator, the annihilation is s-wave instead of p-wave
and therefore of order 1})0(. Consequently, the annihilation cross section at freeze-out is typically
enhanced by a factor of 1/ U>2< ~ 10, and the cosmologically preferred values of the couplings
are smaller than the ones found in Sec. 4.1.1.

The same effect can be observed for annihilations into gauge bosons. Taking gluons as a
representative choice for the V'V final state, the cross section can be estimated as

2 (Clq)® yimy
2 2 232
mA? (m% —4m3)

2 4 4 S\ 2
-2 0 ( 3TeV mx 500 GeV asCq 2 mg
6.6 x 10 Oy ( A ) (100Ge\/) ( mg ) ( 47 ) ygv My < 2

2 S\ 2
ascC ma
2.58 ) (3%\/) ( T ) y%, my > =

<O’U>GG =~ (4.12)

The situation is different for the S final state. In the limit my>mg the thermal averaged
cross section can be approximated as

442 1 2
IS 1069 (OOGeV> 1 (4.13)

1927 mi - v My s

(ov)gg =~

In this case the p-wave suppression is not lifted by switching the CP property of the mediator,
and the leading contribution arises at (’)(vi). However, this annihilation channel can be realized
without higher dimensional operators. Therefore, it comes without the 1/A? suppression of
the previously discussed channels. Unless the masses of the new states are rather close to the
cutoff scale, this can compensate for the velocity suppression. It makes annihilations to S5
one of the most important channels for setting the relic density in the secluded regime. While
the S2yy operator can also contribute to SS final state, its cross section is identical to the
scalar case in Eq. (4.4), which can be used to estimate its importance.

Interestingly, the mixed annihilation channel into the hS final state is both s-wave and can
be realized with D =4 operators. Taking for simplicity the limit m, > (mg + my)/2, the
leading contribution is given by

212 2
Y5 A5y v 100 GeV
(ov), g~ L SH (

4
~ 2 0 2 2
56t~ 4.4 x 10209 ) YT (4.14)

In particular for m, around the electroweak scale this annihilation rate can naturally become
large and should be expected to contribute significantly to the relic density.
Besides shifting the parameter space for a successful thermal freeze-out towards lower

couplings, the presence of s-wave cross sections turns ID in an effective search channel as
discussed in the next paragraph.

Indirect Detection In the case of a pseudoscalar mediator the DM annihilation cross sections
into pairs of SM fermions or gauge boson as well as into hS are s-wave dominated. Hence their
values at thermal freeze-out and at present times are comparable, and ID experiments have
the potential to test thermally produced DM. There are various signatures that can be used to
search for DM annihilations in our local galactic environment. In our analysis we will include
two of the cleanest bounds on a DM annihilation signal: i) limits on continuum ~-ray flux
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Figure 4.10: Representative one-loop diagrams for the dominant contribution to the DM-
nucleons scattering cross section in the case of a pseudoscalar mediator.

produced by DM annihilations in dwarf galaxies from Fermi-LAT data in [37], and  ii) limits
on gamma-ray lines from 7y and Z~ final states derived by the Fermi collaboration in [38].

Concerning the hS final state, it will mostly lead to a 4b signature which could again be
probed through ~-ray signatures. However, to our knowledge there are no dedicated studies
for this kind of signature.

Direct Detection The DD phenomenology is crucially different from the scalar mediator
case, as long as the direct coupling of DM to the Higgs boson via yf is absent or suppressed.
The interaction of DM with quarks via a pseudoscalar leads to SD scattering cross sections,
which are in addition suppressed by ¢*/ (mim}%), with ¢ being the (small) momentum transfer.
The scattering rate induced by this interaction is far below the experimental sensitivity for the
considered mediator masses [113]. Similarly the effective coupling of S with gluons leads to a
tiny momentum-suppressed cross section [111].

Therefore, the most relevant interactions with nuclei occur at one-loop level as shown
in [121,124-126|. For illustration we report two representative diagrams in Fig. 4.10 leading to
SI scattering cross sections. From them it is straightforward to notice that the contribution to
the amplitude from box-shaped diagrams is suppressed by a factor 1/A?, while the triangle
shaped diagrams contain no coupling depending on A. To good approximation we can then
compute the DM scattering cross section retaining only the latter ones, and write it as

2
2
Ay ; 6 Ays -
SI loop __ m HS p ~triangle ey I} triangle
pr - T Z m% mpfq CS’ 27 m% mprG CS? 3 (415)
q=u,d,s
where f¥', fr¢ are introduced below Eq. (4.5), and
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Srlange _ (an)? My C’g(mx, mg, mx) (4.16)
with
3 — 3mgm? s+ /m% — 4m2
1 mz — 3mgm mg g X
Co(my, mg,my) = — e 45 5 X2 log o
X m mg — ams, X (4.17)
2 2 2
ms —m ms
+ 52 1 X log[ g]
My mx

74



4.2 Pseudoscalar Mediator

ot
©

\ [TeV!
D =1

yi /A [Tev)

ot

107 10° ’ 107
mg [GeV] mg [GeV]

Figure 4.11: Exclusion limits from the ATLAS mono-jet search in [77] in the mgfcg (left)

and mgfyf plane (right) for the pseudoscalar mediator. In both cases yz = 1,
m, = 10 GeV and all other couplings are equal to zero.

Even though the bounds will turn out to be less strong than in the case of a scalar mediator,
those from xenon-based experiments are not negligible in certain limits, which will be illustrate
in more detail in Sec. 4.2.3.

4.2.2 Collider Signals

The collider phenomenology of the pseudoscalar model is very similar to the scalar case. As
before, the cross section for resonant production can be estimated by using Eq. (2.40), and
only the widths need to be re-evaluated. For the gauge-portal the square matrix elements of
the S — gg and the S — ~v processes are identical to the scalar mediator case, while the
width into the massive gauge bosons tends to the same value for mg > myy, ;. Therefore, the
bounds from searches for the visible decays of the pseudoscalar mediator are essentially the
same as in the scalar model.

For the loop-induced production from gluons due to the effective Yukawa operator a minor
modification of the decay width in Eq. (4.9) is necessary as the scalar loop function, Fs(x),
has to be replaced by the pseudoscalar one, Fp(z), given in Eq. (A.21). Since Fp(z) > Fs(z)
for all z, the production rate of pseudoscalars is always bigger than the one of scalars with the
same mass, and the bounds are stronger by an O(1) factor.

Our practical implementation of the limits on S from decays to visible states is analogous to
the one in the previous section. These signatures can be complemented by mono-jet signals
associated to the invisible decay of S for mg > 2my. Again, similarly to the case of the scalar
mediator, we have applied the results from the ATLAS search in [77] employing Madgraph
and the CheckMATE package, for details see Sec. 4.1.2. For illustration we show in Fig. 4.11
the excluded regions in the m gfcg and mg,yf planes, assuming m, = 10 GeV. As expected,
we find that the limits on the gluon-portal are indistinguishable from the scalar case, while the
bounds on the Yukawa-portal improve by a factor ~ 1.5 for low values of mg.

The decay of h to SS is an important contribution to the Higgs-to-invisible width for
my > 2mg and non-vanishing A, g; see also Sec. 2.1.3. Using the limit from [130] we find
stringent constraints on A, g, see also e.g. [61,313,314].
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Figure 4.12: Isocontours of the correct relic density for the Yukawa (top), and gauge (bottom)
portals. The left column display the m, —coupling plane for mg = 100 GeV (black)
and mg= 500 GeV (red). The shaded regions, and the regions inside the dashed
lines represent bounds from ID for the corresponding BMs. )
The right column shows the mg-m, plane for ys=1 and cg=1 (top) and ¢j =1
(bottom). The regions inside the gray contours are excluded by ID. For all plots
we set A = 3TeV.

4.2.3 Combined Results

To obtain a global picture, we will follow the strategy laid out in Sec. 4.1.3. We perform
an analysis of the eDMEFT parameter space with a pseudoscalar mediator by considering
increasingly refined sets of operators.

Basic Portals in Isolation In order to illustrate the effects of individual interactions we start
again with considering basic portals that form a subset of the Lagrangian in Eq. (3.30). In the
pseudoscalar case only two portals are relevant: the gauge one with the coupling c‘b; and the
Yukawa one with cg. The mixing portal is forbidden by the assumption of CP conservation,
and the effective Higgs portal is in principle present but its phenomenology is identical to the
scalar case, so we will not recapitulate it.

A visualization of the cosmologically preferred parameter space for these two scenarios is
presented in Fig. 4.12. We display isocontours corresponding to the observed relic density for
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Figure 4.13: Constraints in the mg—m, plane for the Yukawa portal with cg =1, yg =1
and three different values of A, 5=0.01,0.1,1 (from left to right). Isocontours
of the correct relic density are shown in red, and current (projected) limits
from XENONIT (XENONnT/DARWIN) in blue (magneta/purple). The gray
isocontours indicate ID limits, where viable regions are outside of these contours.
Bounds from Higgs-to-invisible searches on the h— SS decay are shown in green.

mg = 100 GeV (black) and mg = 500 GeV (red) in the my—coupling plane (left column), as

well as in the mg-m, plane (right column) for cg =1 (top) and ¢j = 1 (bottom), respectively.
In all cases A\j;g = 0, yg = 1 and A = 3TeV are fixed. The plots show that the preferred
regions for the relic density are again the resonance, i.e. m, ~ mg/2, and the secluded regime.
By comparing Fig. 4.12 with the analogous plots for the scalar mediator in Fig. 4.2, we notice
that those regions are wider. This is a consequence of the s-wave enhanced cross section into
SM fermions and gauge bosons. By setting A = 0 the impact from DD is negligible, so no
related contours appear in Fig. 4.12. In contrast, ID bounds both from «-ray continuum and
lines are relevant, and indicated by the shaded and dashed regions in Fig. 4.12. As mentioned
above, those searches test regions close to ones preferred by the relic density, due to the s-wave
nature of the annihilation cross sections.

In order to illustrate the impact of the loop-induced DM-nucleon scattering discussed above,
we reconsider the Yukawa portal in Fig. 4.13 for cg = yg = 1 and three values of A ;& = 0.01, 0.1,
and 1. The value of A; & has a strong impact, since it controls the strength of the triangle
contribution to the SI scattering cross section. For Ay g = 0.01 even a highly sensitive future
experiment like DARWIN can only probe a quite limited region of the mg—m, plane. The
testable region becomes significant bigger for higher values of Ay s. Current constraints from
XENONIT are only sensitive to masses of the mediator mg < 100 GeV even for A,z = 1.
Most of this region is already excluded by collider bounds on BR(h — 5‘5’) marked in green in
Fig. 4.13. Concerning the latter region, we see that those extend to values of mg > mj /2 up to
around 100 GeV for small DM masses, because the decay h — SS* — Sxx is significant, with
S denoting an off-shell mediator, as shown in Fig. 2.1 and in [45]. However, future generations
of DD experiments are expected to change this picture. Pseudoscalar masses up to several
hundreds of GeV will be in reach for sizable A .

Combining Portals In the next step, the two aforementioned portals are taken to be simulta-
neously present. More specifically both couplings c‘S/ and cg are assumed to be different from
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zero while A & is set to zero. We consider the same values for the DM and mediator masses as
in the benchmarks for the scalar mediator, i.e. (m,, mg) = (80, 200) GeV, (225, 500) GeV and
(500, 300) GeV. The combined constraints from DM and collider phenomenology are shown in
Fig. 4.14 considering the cg—yg plane for c‘s} =0, 1 and 5.

In each panel, the red isocontours represent the correct relic density, while the orange regions
are excluded by searches for diphoton resonances and the green one by mono-jet searches. The
absence of mixing between the Higgs and the mediator reduces the branching ratio of the
latter into massive gauge bosons. Therefore, we found no notable constraints from searches
for diboson resonances for the considered benchmarks. For mg= 200 GeV mono-jet searches
(green) exclude large values of the couplings.

The exclusions from ID display two distinct regions corresponding to bounds from ~-ray
continuum (dark grey) and 7-ray line (light grey) searches, respectively. Possible line signals
depend only on c‘é; and yg, hence appear as horizontal bands in the plots. As expected from
the discussion above, DD has no impact on the benchmarks with A& = 0.

The interplay of the different operators is most evident in the relic density contours. The two
BMs with m, < mg show a substantial change of the relic density isocontours for c‘S/ # 0. For
the third benchmark, in the secluded mass regime, the relic density is mostly determined by yg
indicating that it is primarily fixed by xx — 5SS processes. Contrary to the scalar mediator
case, we see a change for cg > 1, where annihilations into fermion pairs contribute significantly
to the relic density since this channel is not velocity suppressed for a pseudoscalar mediator.

Generic Parameter Scan The survey concludes with a scan of the general parameter space.
Following the analysis and conventions of the scalar case, the six free parameters under
consideration are (m,, mg, ¥s, Ayg: Cg cV) For fixed A=3TeV they get varied within the
ranges:

€ [10, 1000] GeV
mg € [10, 1000] GeV
€

(4.18)

U
m
—_
=3

[\
—_

=

Cv

The corresponding model points are shown in Fig. 4.15 and 4.16 and distinguished through
a color code, namely

e green: account for the observed relic density but otherwise excluded;
e orange: comply with DD and ID but excluded by collider searches;

e blue: pass all applied constraints.

Various slices through the considered higher-dimensional parameter space projected on the
mg—m, and mg—coupling planes are shown in Fig. 4.15. Focusing on the upper left plot
displaying the mg—m, plane, we notice a broader viable parameter space with respect to the
scalar mediator case. While for m, < 150 GeV, only the pole m, ~ mg/2 and the secluded
regime are viable regions, points compatible with all considered constraints are present also for
m, < mg/2 for higher values of m,. This feature is due to the much weaker DD limits, and
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Summary of constraints in the cg—yg plane for c‘s; = 0 (left column), c‘s; =1

(center column), and ¢ = 5 (right column) and three different mass assignations
as indicated in the individual panels. The red contours correspond to the correct
relic density while regions excluded by ID are depicted in dark grey for ~-ray
continuum and in light grey for y-ray line searches. Orange regions are excluded
by collider searches for resonances decaying into photons and the green region by

mono-jet searches.
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Figure 4.15: Results of the parameter scan for the pseudoscalar eDMEFT projected in the
mg—m, and mg—coupling planes, analogous to the scalar mediator case presented
in Fig. 4.6 and 4.7 without the mg—cg plane, since the latter is not impacted by
the considered constraints. Green points account only for the correct relic density,
orange points are excluded by collider searches, while blue points pass all applied
constraints, see text for more details.
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Figure 4.16: Results of the parameter scan for the pseudoscalar eDMEFT projected in the
my—cg (left) and m,—yg planes (right), analogous to the scalar mediator case
presented in Fig. 4.7, see text for details.
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therefore is absent in the scalar mediator case. Relevant constraints on the parameter space
arise from ID. Its impact is localized at small DM masses since current experimental sensitivity
to test cross section preferred by the relic density reaches at most up to m, ~ 150 GeV.

The right column of Fig. 4.15 shows that collider searches impact a limited region of parameter
space, in particular for c‘S/ > 1 and mg 2 100 GeV, as well as for mg < mj,/2 and Ay 52 0.02.
In this last region the exclusion bound originates from Higgs-to-invisible searches which are
sensitive to the decay h — SS. Besides that, the couplings c‘é; and A g are currently only
weakly constrained. According to Fig. 4.13 the next-generation of DD experiments might
change this.

In the (lower) left panel of Fig. 4.15 and Fig. 4.16, we investigate yg in dependence of mg
and m, respectively. For mg, m, < 100 GeV, an interesting interplay of constraints occurs
from collider searches for small couplings and from ID for high values of the coupling. Higher
masses are basically unconstrained. With the y;? and yf couplings set to zero, the only way to
achieve a viable DM phenomenology at small yg is via the m, ~ mg/2 pole. As the considered
parameter space is limited to mg < 1TeV, the resonant regime is not included in our analysis
for m, 2 500 GeV. Therefore, valid model points are absent for y5 < 0.1 and m, > 500 GeV in
the left panel of Fig. 4.16.

Finally moving to the cg parameter, we depict the m,—cg plane in the right panel of Fig. 4.16
instead of the mg—cg plane as in the scalar mediator case, since the latter is not impacted by
the considered constraints for a pseudoscalar mediator. Still cg is weakly constrained, with
current exclusions dominated by ID for cg 2 1 and m, < 50 GeV.

4.3 Di-Fermions plus Er

The previous parts of this chapter investigated the eDMEFT phenomenology in a general
setting. This enabled us to identify relevant portals to the dark sector similar to simplified
models, and to extend them in a theoretically consistent way to open up new valid regions in
parameter space.

This section explores a slightly more specific scenario, where the scalar mediator S is odd
under a new Zs symmetry. In this case, linear interactions of the mediator are absent, and
the DM related phenomenology is mainly characterized by the D=5 operator S2yy. While
this operator has been briefly discussed in Sec.4.1.3, in this section we focus on it to further
investigate its effects. If this operator is the main portal to the dark sector, it could lead
to interesting signatures for DM searches at colliders, such as Fp in association with two
correlated jets or electrons. Points in Figs. 4.7 and 4.8 passing the constraints due to the
presence of yf might be testable through the specific collider discussion.

To investigate this, we first discuss the aforementioned eDMEFT setup that also allows the
smallness of first-generation fermion masses to be addressed via suppressed Zo-breaking effects.
Then, we turn to an analysis of di-jet plus J at the LHC, where rather loose bounds on
the effective S2yy interactions can be obtained unless the mediator couples very strongly to
SM fermions. Therefore, we investigate a similar process at a potential future e*e™ collider,
such as CLIC, which could deliver tighter constraints on the corresponding model parameters,
given that the mediator is leptophilic. We finally highlight the parameter space that allows to
produce the observed DM density and include constraints from DD. The results in this section
were first derived in [265].
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Setup We start from the eDMEFT setup laid out in Sec. 3.3.1, with the additional assumption
of a symmetry forbidding the D =4 interaction of S with DM.* A simple realization is given by
S being odd under a Zy parity, S A—S , under which all SM and DM fields are even except
for the right-handed first generation fermions, which are odd. With this assumption, many
terms of the eDMEFT Lagrangian in Eq. (3.20) vanish including those with an odd power of
the mediator, unless they feature the right-handed electron, or the up or down quark. The
corresponding Lagrangian, following the notation of Eq. (3.20), reads

gfg =Ly + 30,S 'S — %ufg S? 4 Xidx — my XX
— %)\384 — )\H$|H’282

a % [(Y‘f)  QrHdp + (Yus)i QpHup + (Ye‘g)l Ly Her + h.c.] (4.19)
7 ys S+ y |H|?

A XLXRr + h.c.,

where Lqyy denotes the SM Lagrangian without the Yukawa couplings of the first generation.

Beyond representing a new portal to the dark sector which is testable at (future) particle
colliders, yet in agreement with null-results in DD, this scenario can also motivate the small
masses of the first-generation fermions. Although it would be interesting to address all flavor
hierarchies with a more extended scalar sector, this is beyond the scope of this discussion. As
the SM Yukawa couplings of the first generation are now forbidden at the renormalizable level,
their masses will only be generated via small Zo-breaking effects equipped with additional cutoff
suppression. To achieve that, and in contrast to the setup discussed in the previous sections,
we assume that the mediator develops a small vev |(S)| = vs ~ O(1—10) MeV, which finally
generates masses for the first fermion generation. In the following analysis, we will consider
the mediator to be much heavier than its vev, which requires an additional contribution to
the Lagrangian (4.19). While an additional cubic term needs a very large (non-perturbative)
coeflicient, a straightforward possibility is to add another singlet Sa, as already envisaged
above. The desired splitting can be achieved with either a O(TeV?) quadratic term and a mass
mixing term SSs with a O(1 GeV?) coefficient, or a SS3 portal with a O(107%) coefficient. We
checked that other effects of the new scalar can be effectively decoupled.

The mass mixing of S with the SM Higgs via the |H|?S? operator is ~ vs and hence
suppressed, thus it will not be considered in the following, in this context see the discussion in
Sec. 4.1.3, and e.g. Ref. [28]. The conventional DM operator, SxYx, is generated by spontaneous
breaking of the Zs symmetry, with its coefficient ~ nyvg /A. As this operator is strongly
suppressed, it only plays a role in DD which is discussed during the end of this section. Finally,
the coefficient of the second D=5 portal to the dark sector allowed by the symmetry, |H|?yy,
is taken to be small from the start. This assumption is motivated to evade DD constraints,
since the contribution of |H|?yy is enhanced by v/vs ~ O(10%). Therefore, limits from
Higgs-to-invisible decays for light DM [315] play no role in the collider discussion.

Fermion masses Neglecting leptons for simplicity, because they can be treated analogously,
the resulting mass terms after spontaneous symmetry breaking read
mass o - Z qdr—= (YH + YS) qr = — Z QLMqQRa (420)

A
q=u,d q=u,d

4We note, that if both the D=4 and D=5 terms would enter, they could be disentangled by their kinematic
distributions.
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where ¢ = u, d are three-vectors in flavor space, and the Yukawa matrices

5 (yg)l 00 Y 0 yiy oy
Y, = (?J%)2 0 0f, Y, =10 Ysr Yo (4.21)
(yq )3 00 0 ng y§3

reflect the Zs assignments. Without breaking of the latter symmetry via vs > 0, one quark
family would remain massless corresponding to the vanishing eigenvalue of YqH . On the other
hand, a small value of vs ~ O(10) MeV is enough to generate m,, ~ mg ~ O(5MeV) with O(1)
Yukawa couplings and A =>1TeV. After performing a rotation to the mass basis via

M"Y =U} MéﬁagU}éT with Mg = diag(mu, me, my),

| | (129
Md = Ug MéliagU;l{T with Méiiag: dla‘g(md7 mes, mb)>

and Uil = U} Ve, we obtain the couplings of the physical quarks with the Higgs boson and
the scalar mediator lA{]H’S = UgT}@H’SU]%L with ¢ = u, d. Those enter the interaction Lagrangian

NG +\/§AS

where the Sqrqr terms are crucial, as they provide a coupling of S to the SM.

VH 4 o5/AYS vYS
Linter D — Y qL< . L h+ —==8 ) g, (4.23)

q=u,d

Flavor Structure To fully define the model, we need to fix a flavor structure, that avoids
excessive FCNCs which are generically generated, since the fermion mass matrices M9 receive
contributions from different sources; see Eq. (4.20). Those are in general not aligned with the
individual scalar-fermion couplings ~ YqH’S, and thus YqH’S will not be diagonal. To this end,
we first note that the Yukawa matrices can be expressed in the interaction basis in terms of
the mass matrices as

V24 V2

YS = M4 diag(1,0,0) Y == M diag(0,1,1)
a VUS a v
/oA /s (4.24)
=" U} M, UL diag(1,0,0), == U} MY, UL diag(0,1,1).
VUS v

In the mass basis they become

~s  V2A
Yq:

V2

v

Mq

MgiagUgTdiag(L 0,0) U, v o

g ULl diag(0,1,1)U%,  (4.25)

VS
where the unitary rotations of the left-handed fermions drop out since they share the same
Zo charges and their couplings with a fixed right-handed fermion are thus aligned with
the corresponding mass terms. This is not true for the right-handed fermions, where the
corresponding rotation matrices induce a misalignment and thus FCNCs. While it is not
possible to set U} = Ug = I, since then Vo = I, which is in conflict with observation, the
Yukawas matrices in Eq. (4.24) can in fact be chosen, such that U% = U¢ = I starting from
Mgiag. This choice avoids FCNCs, whereas the left-handed rotations can be arbitrary with
the only constraint UETUEI = Vokm.? Although a more systematic analysis of FCNCs in such

®This approach is somewhat similar to the recently discussed pattern of “singular alignment” [96,316].
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a scenario would be interesting, we will stick to the latter choice for the rest of this section,
ending up with diagonal couplings

o V2A V2

VS = diag(my, 0, 0), Y = 2= diag(0, me, my),
\”/%j\ \;’5 (4.26)
}A/Cf = vU diag(mda 0, O)v }Ade = T dlag(oa Ms, mb)'
S

So far, we did not include the lepton sector, however a similar setup is possible and leads
directly to

N 2A N 2
}/;S = \1{; diag(me, 0, 0), }/eH = \/’L; diag(0, My, mr). (4.27)
S

This means that the second and third generation fermions couple to the Higgs boson as in
the SM, while the ones of the first generation couple to S instead with strength determined
by the free parameter vs. We will trade it for 55 /A = (Y5)11/A in the following. While the
latter should not be too small, since then a very large Zs-breaking vev vg will be required to
reproduce the quark masses, values of yov/A = O(1) are in perfect agreement with a modest
vev and a reasonable cutoff. Thus, we can express all S-Yukawas in terms of yf . We obtain
the approximate relations

yS =y5/10 =45 /5 (4.28)

for the couplings of the mediator to SM fermions using m, ~ 2.5 MeV, mg ~ 5MeV and
me= 0.5 MeV. As mentioned, the value of 45 /A can be chosen freely, however it should not
violate perturbativity of the EFT and potential UV completions. This induces the constrains
yfv/(ﬂA) <4, and yf <1672 respectively, with f = u, d, e, where we made use of the fact

that y}? ~ g%v.

Relevant Parameters In the nest sections, we will derive the prospects to constrain the
Zo-symmetric bi-quadratic portal S?yy, and the S-Yukawa couplings from LHC and future
(ete™) collider data. Those results will be combined with constraints from DD and the observed
relic density. For an overview we summarize the relevant physical parameters for the model at

hand:
the mediator mass ms =1/ M%+3A3 v?s

the DM mass m,,

the bi-quadratic portal coupling yf /A

the S—Yukawa coupling yS /A.

We neglected the potential scalar mixing from Aps. While this defines the main model being
studied in the following sections, there are also two interesting variants obtained by either
assigning positive Zg parity to all leptons or to all quarks. This will lead to a leptophobic or
hadrophobic mediator, respectively, with yf = 0 and finite y(‘ig = 2yf or vice versa.
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Figure 4.17: Exclusion reach of the current LHC run (solid) and projections for the future HL-
LHC (dashed) both for ms = 200 GeV and DM masses of 5 GeV (blue), 100 GeV
(yellow) and 300 GeV (green) derived from [77].

4.3.1 (HL-)LHC searches

A unique signature to constrain yf, is di-jet plus ' with the Feynman-diagrams shown in
Fig. 4.18 by replacing the electrons with up or down quarks. To derive bounds from current and
projected LHC runs on the new DM portal, we employ CheckMate [135,277| implementations
of ATLAS analyses. In particular we considered the mono-jet search in Ref. [77] using 36.1 fb~!
of data and a SUSY motivated search for multiple jets plus Fr in Ref. [317].

Although a dedicated analysis of the particular di-jet topology is expected to improve the
sensitivity, we refrain from setting up a custom analysis, and leave a detailed study for future
work. We rather focus on a specific analysis for future lepton colliders, where in particular
the large QCD backgrounds faced at the LHC are absent. In addition the limits can be
obtained more reliably and are expected to be stronger. The final state appears similar to
that of Higgs-to-invisible searches in VBF production. However, we find that the signal and
background distributions in the important kinematic variables are very similar. Therefore, via
this analysis no efficient separation is possible.

Regarding the two aforementioned ATLAS analyses, the latter one naively delivers stronger
constraints. However, this analysis uses events with energies above the envisaged cutoff
A=0O(1) TeV, such that the EFT validity becomes questionable [50,247,318]. The scalar sum of
the transverse momenta of the leading jets and ' is required to be at least 1.6 TeV. Therefore,
a reasonable value for the cut-off would be A = 3 TeV, thus strongly suppressing the signal. In
addition, all signal-regions are inclusive, which means they include events with arbitrary high
energies. Therefore, the resulting constraints would only be valid for borderline large values of
y>. In contrast, exclusive signal regions (EM) provided in the mono-jet analysis [77] allow for
a better estimate of the momentum flow of an event. To obtain robust limits we constrain our
analysis to signal regions up to EM6 of Ref. [77], containing events with f' = (600 — 700) GeV.

The signal events are simulated with MadGraph5 aMC@NLO 2.6.5 [140], employing a
UFO [319] file of the eDMEFT, generated with FeynRules [320,321]. The parton-showering is
done with Pythia 8.1 [278,279] and the detector simulation with Delphes 3.4.1 [148], with the
latter two run internally in CheckMATE 2.0.26 [135,277].

The actual bounds on the couplings and the prospects for the HL-LHC with a luminosity
of 3ab™! are shown in Fig. 4.17 as solid and dashed lines, respectively, for ms = 200 GeV
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Figure 4.18: Feynman diagrams for yx + eTe™ production at CLIC — for the LHC case, the
electrons can be replaced with up or down quarks.

and three different DM masses, m, = (5, 100, 300) GeV.% To obtain the projections, we used
the r-value defined in CheckMate with upscaled event numbers, thus assuming a similar
background-only like event distribution. Following Ref. [323], we further assume that the
systematic uncertainty on the SM background can be lowered by a factor of four. Interestingly,
due to the nature of the process, an internal mediator radiating off two DM particles, the limits
do not vanish for m, >mgs/2, allowing this mass hierarchy to be tested, typically unaccessible
for collides, as laid out in Sec. 4.1.2.

We carefully estimated the effects of gauge boson couplings induced by light quark loops.
Even featuring 45 /A = O(1) /v, those loops are suppressed by a quark mass insertion, due to
the required chirality flip. As a consequence, the partial width of S to photons (gluons) is
smaller than the corresponding Higgs width by a factor of O(10°) (O(10%)). Therefore, the
contribution of gluon-fusion to the production cross section can be neglected. The width to
photons is more strongly suppressed, since the W-loop dominating partial width of the SM
Higgs [275], is absent. In addition, the BR(S — 77) is suppressed by the large decay width of
S to quarks leading to no relevant constraints from present di-photon searches, see e.g. [286].

4.3.2 CLIC Prospects

An interesting proposal for a next high-energy eTe™ collider facility is the Compact Linear
Collider (CLIC) at CERN. It would be the first mature realization of a collider with these
characteristics and could start running in 2035. In this section, we will analyze the prospects
of probing y;? at the three foreseen stages of CLIC. Stage I features /s = 380 GeV with an
envisaged luminosity of 1ab~!, stage II \/s = 1.5 TeV with 2.5ab~! and stage III /s = 3 TeV
with 5ab~!, respectively [324, 325].

To test the Zo symmetric portal, we propose a search in the ete™ 4+ ', final state with
the signal processes depicted in Fig. 4.18, where the right one dominates the cross section for
large parts of the parameter space. The background is mainly given by the irreducible process
ete™ —eTe™ v, with the most important contribution from ZZ intermediate states, while
further backgrounds are found to be negligible [326]. To obtain signal and background samples,
we employ again MadGraph5 aMC@NLO 2.6.5 [140] at leading order for generating parton
level events, Pythia 8.1 for hadronization and Delphes 3 for a fast detector simulation using the
CLIC card [148]. The cuts for the final analysis are implemented within MadAnalysis5 [149,150].

When S couples to electrons and quarks with the couplings related as in Eq. (4.28), the

8While with this choice the considered flavor model is viable, note that for ms 2 225 GeV strong bounds on
y5 /A arise from the ATLAS search for di-lepton resonances [322]. Those bounds would exceed the projected
limits in Fig. 4.17. Clearly, this can be avoided by moving either to the leptophobic or the hadrophobic
scenario.
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Figure 4.19: Comparison of signal and background shape in m,, for CLIC stage III. The signal
corresponds to y /A = 1.5/TeV and yf /A =0.25/TeV, close to the later derived
exclusion limit.

> 80GeV | > 150 GeV

ET Mee
> 25 GeV < 3.25 >06 | <24

pr(e) AR(ete™) | 6(et) | O(e7)
Table 4.1: Cuts for the signal region for all CLIC stages applied throughout our analysis.

signal process is suppressed as & dominantly decays to quarks, which significantly increases the
total width. Therefore we focus on the hadrophobic case, with yf = yS = 0. While it would
be interesting to consider the di-jet final state also at CLIC or to constrain the bi-quadratic
portal at an ep collider for example, these analyses face their own challenges and will be left
for future work. Still, a small signal is hidden within a sizable background, leading to weak
constraints from a pure cut-and-count analysis, in particular when a systematic uncertainty in
the background normalization is taken into account. To improve this, we make use of the fact
that the signal features a peak in the spectrum of the invariant electron mass, m.., while the
background is smoothly falling, see Fig. 4.19. To do this we perform a shape analysis with a
binned likelihood function. This also reduces the impact of the uncertainty of the background
normalization. Details to this procedure are laid out in App. B. The peak is caused by on-shell
S decays to an electron pair, as the resonant diagram in the right panel of Fig. 4.18 dominates
the cross section. To achieve a preliminary separation of signal and background events, we
apply the cuts given in Tab. 4.1, where the cut on me. is applied to lower the impact of Z
decays. In Fig. 4.19 the shapes of the signal and background after cuts, and before fitting
are shown for stage Il and y5 /A = 1.5/TeV, and y;?/A = 0.25/TeV chosen to be close to the
exclusion limit derived below.

Fitting Signal and Background In order to use the m,,. spectrum to discriminate signal and
background, we generate sizable Monte-Carlo samples of both processes with 50.000 and 10°
events, respectively. Since the signal shape depends on the width of S, it is simulated for
various values of the latter depending non-trivially on the input parameters given at the end
of Sec. 4.3, where mg and yf have the greatest impact. The background spectrum is fitted to
a fourth order polynomial, and the signal spectrum to a Breit-Wigner distribution. The signal
is characterized by the total number of events and the width of the Breit-Wigner distribution
allowing several coupling values to be easily tested.

Limits To establish constraints on the model parameters, we translate limits on the signal-
strength modifier, u, into limits for the former. Details are given in App. B. For fixed yf and
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Figure 4.20: Left panel: Comparison of the expected limits on the couplings obtained at the
three stages of CLIC, assuming mgs = 200 GeV and m, = 5GeV.
Right panel: Expected limits on the couplings obtained at the second stage of
CLIC, with /s = 1.5 TeV, for mgs = 200 GeV and several dark matter masses.

thereby fixed width and shape of the m,, distribution, we have pu = (yf /A)2. For all limits we
take a 5 % uncertainty on the background normalization into account, i.e. g = 0.05, while the
signal uncertainty og is taken to be negligible.

In the left panel of Fig. 4.20, we compare the reach of the three CLIC stages on the couplings,
assuming ms = 200 GeV and m, = 5GeV. Already the first stage would be sensitive to
O(1/TeV) couplings, while at the later stages the reach extends well beyond a TeV~!. In
the right panel of Fig. 4.20 we show the expected limits obtained with stage II for fixed
ms = 200 GeV and four values for m, . Similar to the LHC analysis this plot demonstrates
that the sensitivity does not vanish for m, > mgs/2. Thus, the operator under consideration
allows the testing of a mass hierarchy typically inaccessible for collider studies, see Sec. 4.1.2.

We further note that direct searches for the mediator, e.g. in the eTe™ final state, could
break the degeneracy between the two couplings. It may happen that the mediator would first
be found via such a resonance search. However, in this case the present analysis would be
crucial to further investigate the structure of the dark sector.

4.3.3 Dark Matter Phenomenology

As discussed in Sec. 4.1.1, the relic density can be set via the annihilation process yxy — S?
for ms Sm,. Since annihilations to SM fermions via S induced by vs > 0 are found to be
negligible, even in the pole region, for ms >m, no efficient annihilation channel to set the
relic density is accessible. This is illustrated in the left panel of Fig. 4.21, where the viable
parameter region with 0.11 <h?Qpy <0.13 is shown in blue in the ms—m, plane for y;? = 2.25.

We also consider bounds from DD. Mediators with ms < 200 GeV (left of the green line) are
already excluded by the XENONIT experiment [327], and heavier ones will be tested in future
experiments as LZ [328] (red line) and DARWIN [329] (remaining region). The dominant
contribution to DD rates arises from s-channel exchange of § at tree-level with up and down
quarks, and therefore vanishes in the hadrophobic case. Since vg ox 1/ y]‘f, the tree-level cross
section is independent of the S-Yukawa couplings.

Finally, the required values of y;? as a function of m, are shown in the right panel of Fig. 4.21
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Figure 4.21: Left panel: Band of relic density 0.11<h?Qpy <0.13 (dark blue) for y;? = 2.25,
independent of y5 , .. Exclusions from XENONT1t (left of green line) and the LZ
projection (left 0f707range line) are superimposed (which however are not present
for the hadrophobic model). The remaining space can be tested with DARWIN.
Right panel: Band of relic density 0.11 <h?Qpy <0.13 for ms = 200 GeV.

for ms = 200 GeV. Note that also the relic density is independent of the values of yie, which
do not enter the dominant annihilation amplitude. We find by comparing with the results in
Fig. 4.20, that the viable parameter space could be tested at CLIC, besides very small values of
yS. All numerical results in this section have been obtained with micrOmegas 5.0.8 [205,270].

4.4 The Xenonlt Excess

In this section, we take a small detour to see if, and how, the excess in the low-energy electron
recoil spectrum, recently announced by the XENONI1T collaboration, could be explained in a
slightly extended version of the eDMEFT.

The excess is observed in the energy range between 1 — 5keV and could point towards new
physics [330]. An interpretation of the data in terms of a neutrino magnetic moment or solar
axions, although being in tension with bounds from stellar physics, finds substantial statistical
improvements over the background-only hypothesis with significances above 3o. Nevertheless,
it is clearly too early to celebrate the discovery of BSM physics, since a contamination with
tritium, contributing to the recoil spectrum via its beta decays, cannot be excluded with the
current understanding of the experiment. Still, it is of great interest to examine alternative
explanations for this excess, and identify independent experimental probes that could confirm or
refute this excess. As the excess is observed in a small number of bins above the threshold, only
theories that predict a highly localized energy deposit, or an IR-dominated recoil spectrum can
account for the observation. The announcement caused great interest, and several explanations
have been proposed. They range from new neutrino properties [331-341|, via non-standard
DM scenarios [342-356] to more exotic explanations [357-362].

We attempt to characterize the XENONI1T excess in a slightly expanded version of eDMEFT,
introduced in Sec. 3.3.1. The setup is extended by a two spontaneously broken Z5" symmetry,
under which neutrinos and electrons are charged. In this approach, the eDMEFT naturally
includes the appropriate ingredients for explaining the excess, namely modified neutrino
interactions with electrons, via a potentially light new scalar sector. The induced non-trivial
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couplings of the new scalars allow the excess to be related to the observed electron and neutrino
masses. As laid out in Sec. 4.3, the considered leptophilic variant is unconstrained from DD,
via nucleon interactions, and thus invites searches employing electronic recoil.

In Sec. 4.4.1 details about the setup used in the analysis are discussed. Then in Sec. 4.4.2,
fits to the XENONTIT electron recoil excess are presented, first assuming neutrino-electron
scattering, and second DM-electron scattering as its origin. There, we also examine whether
the correct DM relic abundance can be achieved consistently with our fits. Subsequently, in
Sec. 4.4.3, the neutrino explanation is confronted with stringent limits on new electron and
neutrino interactions from terrestrial and astrophysical observations. We identify benchmark
points and non-trivial mechanisms to avoid the severe constraints. Also the case of free
couplings is considered corresponding to a subset of eDMEFT operators, to characterize viable
parameter regions. This section follows Ref. [266].

4.4.1 General Setup

We extend the scalar sector of the leptophilic eDMEFT from Eq. (4.19) by assuming a second Zs
symmetry. One of the symmetries is shared by the neutrinos and the other by the electron. Both
are then broken by the small vevs of two distinct scalars S, ., which allow the simultaneous
generation of the tiny neutrino masses, and the small electron mass. The corresponding
Lagrangian following the convention from Eq. (4.19) reads

LY =Lony + 20,8008y — 4282) + Xidx — myxx
— INSE = Ne S2S? — Nus, |HI?S?
1 S ,i y S *7: 429
— | (), S L v+ (YS),S. LyHep + hic. (4.29)
v S+ [H?

— h.c.
A XLXR + h.c,

where a summation over ¢ = v, e is implied, and Lq); denotes the SM Lagrangian without the
Yukawa couplings of the electron.

Importantly, both mediators develop small vevs |(S;)| = vy < v, which break the Z§
symmetries carried by all right-handed neutrinos and the right-handed electron, respectively,
and thereby generate their masses. The mixings with the SM Higgs via the |H ]2842 operators
have to be small, and this effect will not be considered in this section. The conventional
DM interaction Sy xx is generated with a coefficient ~ 2y§‘5w /A, which remains relevant for
the analysis. Finally, the coefficient yf is again assumed to be negligibly small to evade DD
constraints and limits from Higgs-to-invisible decays [110,303,309,315].

Masses, Mixing, and Free Parameters To fully define our setup, we will study the fermion
and scalar mass spectrum, and summarize the relevant free parameters.

The fermion mass terms after electroweak and Zg symmetry breaking read

£o>-Y \%EL (v + %Yf) tr=— > LMy, (4.30)

l=e,v l=e,v
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where {1, r = er. g, v1,r are three-vectors in flavor space and the Yukawa matrices

o) wohe ())m

Vo= ) W )], v =o, (4.31)
(W9)s1 (y9)s2 (u5)s3
)1 0 0 0 vf Yis

YS=1@)2 0 0], YA =10 y5 uss|. (4.32)
(¥S)s 0 0 0 v5 Yss

reflect the Zg assignments. Without breaking these symmetries via vy > 0, the electron and
neutrinos would remain massless, corresponding to vanishing eigenvalues of YZH , similar to the
discussion in Sec. 4.3. On the other hand, a small breaking of v, ~ O(eV) and v, ~ O(MeV)
is sufficient to generate m, ~ 0.1eV and me ~ 0.5MeV with natural values of y7 < O(1)
and A 2 1TeV. To explain the XENONTI1T excess in the light of various constraints, it will
be necessary to deviate from these natural scales, remaining with a partial explanation of
light-fermion masses.
After performing a rotation to the mass basis,

v TTV AV vt v 1
M?” = Ul Mine Ug', Mg = diag(m,1, myz2, mys),

e e pre et e . (4.33)
M =Uf M§ae Ug', MGing = diag(me, my, m;),

with U7 = U} Vpmns, the couplings of the physical leptons to the SM Higgs and the scalar
mediators are given by

_ }A/H—l—vglA/S/A vYS
LD — / £ £ h+ —t S, | g, 4.34
I L. (431

l=e,v

where Yf = Ufr YU Ig for s = H, S, and (with some abuse of notation), we denote the mass
eigenstates by the same spinors ¢ = e, v. The Yukawa matrices in the mass basis can be
expressed as

AS_\/iA

2
¥ V2

v

Mﬁiag Ullgcég U]t;u }A/BH Mgiag UIQLC@H UI%? (435>

VU
where C2 = diag(1,0,0), C5 = diag(1,1,1), CH = diag(0,1,1) and CZ = 0. The unitary
rotations of the left-handed leptons drop out, since they share the same Zg charges. Their
couplings with a fixed right-handed lepton are thus aligned with the corresponding mass terms.

While this is not true for the right-handed leptons, here the Yukawa matrices starting from
MY can be chosen such that U% =1, thus avoiding possible FCNCs. We arrive at

diag
N 2A 5
VS :\[ diag(m,1, myz2, my3), YvH =o,
:};j\ " (4.36)
}A/ES = diag(mev 07 0)7 }A/eH = dlag(o’ My, mT)'
VU v

As a consequence, muons and taus interact with the Higgs as in the SM, while electrons and
neutrinos couple only to S, or S, respectively. The strength of this interactions is determined
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by inverse powers of the free parameters v, and v, which can be traded for y$/A = (Y:5)1 /A,
and y§ /A with y$/A = (Y;%)si/A, respectively.

In addition to fermion mixing, the term ~ A, in the scalar potential leads to mixing between
the scalar singlets after they obtain their vevs, vy. The rotation to the mass eigenstates s and
S can be described with the mixing angle 6 as

s cosf sinf\ (S, . A Neuyve
(5) = (s wmd) (3)  wim canaw= e (437)

where M7? = u2 + 3\ + 2Ape v20? /v7. The resulting physical masses read

M a2
s/S 2 2 cos 20

(4.38)

The lightness of the neutrinos compared to the charged lepton suggests to take v, < v, and
accordingly M, < M,. This leads to ms =~ M,,, mg =~ M, and ¢y = 1, sy < 1. The mixing
induces suppressed couplings between the electron and the light s, as well as between the
neutrinos and the heavy S, given by

vS S —i i S —
Emix = - \/iA (CG Yi V}JV}%—FS@ Ye €L€R)

vS 3 P
_ \/§A (09 yf €reR — Sgy;'s 1/21/;%) .

(4.39)

For brevity we denote the couplings of electrons and the first neutrino to the mediators by

s_ U S s_ UV S
= —3S8 s = C s
Ye \/?A 0Ye Yy \/EA Y1
S v s 5 v s (4.40)
Ye = CoYe s Yy = — S9Y1 -
V2A V2A

Before moving to the fits and experimental constraints, we summarize the relevant, free
parameters of the setup, which are

e the mediator masses m, g ~ M, .
e the S, Yukawa couplings yﬁi /A
e the mixing portal A\,

e the DM mass m,,

the bi-quadratic DM portal y;’f‘f /A,

and the remaining Yukawa couplings are given in Eq. (4.36).

4.4.2 Fitting the XENON1T Excess

In this part, the XENONIT excess is fitted by considering two possible explanations: first
neutrino-electron and second DM-electron scattering. Furthermore, we examine if the DM
relic abundance can be obtained simultaneously to these explanations.
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Figure 4.22: Comparison between an exemplary differential event rate for a scalar with ms =
60eV and \/y5ys = 7.9x 1077, corresponding to the best fit point, and the
observations in [330]. The full differential event rate is shown in blue, while the
pure signal (background) contribution is depicted in orange (red).

Modified Neutrino Interactions We start by assuming that the excess is explained by
neutrino-electron scatterings mediated by s and S. As we will see observational constraints
prefer mgy << mg, such that in good approximation the scattering can be described by s-exchange
alone. The differential cross section for this new-physics signal reads [363|

dove __ (ew)’  miE
dE,  4Aw(2m.E, +m2)? E2

(4.41)

where m. is the electron mass, F, the incoming neutrino energy and E, the electron recoil
energy. The true differential event rate is given by convoluting the differential cross section
and the incident neutrino flux, ¢,, weighted by the number of electrons per unit mass N, as

dR doye dgbz/
B _Ne/dEV e (4.42)

At the energy of the XENONI1T excess, the neutrino flux is dominated by solar pp neutrinos.
We use the observed pp-flux from [364], and employ the parameterization of the spectrum
from [365].

Here we assume a universal interaction between s and the different neutrino flavors, such
that oscillation effects do not affect the scattering rate. More details are given below. To
connect our theoretical spectrum with the observed rate the detector efficiency reported in [330]
is applied. In addition the limited detector resolution is taken into account via a gaussian
smearing function with an energy dependent resolution. As suggested in [366] we take the
ansatz

o(E) a
i) NGo + 0, (4.43)
and assume that the resolution varies between ~30% at E,=1keV and ~6% at 30keV. The
best fit background model from [330] is adopted allowing the normalization to vary within the
1o range. In order to assess the impact of a light scalar on the electron neutrino scattering, a
x? analysis of the signal and background model is performed. We find that

VU ys = 7.9%x1077 (4.44)
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is preferred with very little dependence on mg for mgs < 20keV. An exemplary comparison
between data and the signal associated with the best fit point at ms = 60eV, is shown in
Fig. 4.22. This choice of parameters corresponds to X%est = 38.9 compared to Xl?)g: 47.1 for
the background-only hypothesis. Our results are in good qualitative agreement with those
in [331-333], which study a related setup. We will confront our results with a comprehensive
set of complementary experimental constraints in Sec. 4.4.3.

DM Scattering and Relic Abundance Dark matter scattering on electrons in the detector
could also account for the abserved excess. Since the model contains a DM candidate, it is
interesting to check whether the correct relic abundance can be achieved simultaneously, with
an explanation of the XENONIT excess. These observables are correlated with each other,
also in case of the neutrino explanation, via the mediator couplings to SM fermions.

A naive estimate of the maximum recoil energy in non-relativistic DM-electron collisions
leads to

2,2
R LSNPS S (4.45)
Me
where fi. is the reduced mass of the system and vmax is the maximum DM velocity. For
my > me, and taking into account that the velocity is limited by the local escape velocity
of our galaxy vmax ~ Vesc ~ (’)(10*3 c), this leads to an estimate of E; max ~ 1€V, and thus
well below the energy scale required to account for the signal. However, it is important to
consider that the electrons are part of a bound system, the xenon atom. Therefore, the electron
momentum is not zero, and a typical value is expected to be O(aemme), which is small but
allows for a larger energy transfer in the DM-electron scattering process [367|. Then the
differential event rate is given by
dR  nxepy d{oye)

= 4.4
dE, my  dE, ’ (4.46)

where nxe is the number of xenon atoms per unit mass in the detector and p, ~0.3 GeV/ cm?
the local DM density. For the velocity-averaged differential cross section, we rely on the results
of [368,369]. In the limit where the mass of the mediator is much bigger than the ¢-channel
momentum transfer, it can be parametrized as

d;cg:} = 20;;; dv fg}v) /dq a2 q K(E,,q), (4.47)
where o,. is the cross section for scattering on a free electron with a momentum transfer
agy L= aemme, while f (v) denotes the DM velocity distribution on Earth. The atomic physics
is encoded in the excitation factor K, originally computed in [368|. In order to estimate the
implications of a DM signal, we consider the averaged cross sections reported in [369], and
perform a fit to the signal using the same assumptions about the detector as in the neutrino
case.

The best fit to the differential recoil rate that we found is shown in Fig. 4.23. It corresponds
to my,=10GeV and oy~ 1.25x 10739 em?, which could for instance be explained by an MeV
scale mediator with an O(1) coupling to DM and y2 ~ 107°. The signal rises very steeply
at low energies such that the peak occurs at ~ 1.5keV instead of the ~ 2.5keV needed to
reproduce the data. While it is interesting that the fit shows some statistical improvement for
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Figure 4.23: Comparison between the best fit differential event rate for a DM particle with
m, = 10 GeV and o, = 1.25x 10739 cm? and the data. The style is similar to
Fig. 4.22, and for better visualization we also show the signal rate enhanced by a
factor of 5 as an orange dashed line.

a small DM signal, it amounts to marginally more than 1o. Therefore, DM-electron-scattering
does not provide a convincing explanation of the observation, and we do not entertain this
possibility further. Similar conclusions were reached in [344]|. Improving the fit requires a
flatter recoil spectrum, which could for instance be achieved by a (semi-) relativistic DM
sub-population [347, 348, 351| contributing to the signal, or an interaction with additional
momentum dependence [344].

Nevertheless, it is interesting to ask whether the DM relic density can be obtained in our
framework. To set it via freeze-out, the main DM annihilation channels are ete™ and S?,
similar to Sec. 4.3.3. Using the results and estimates derived for the general eDMEFT in
Sec. 4.1.1, we find that annihilation into S? could give the correct relic density. However, only
if A is lowered to the TeV scale, and values of yfe 2 1 are chosen.

Therefore, we consider an alternative, namely the freeze-in mechanism [370], which is easier
to realize within the setup at hand. In this case, the DM interactions are so weak (y;? < 1) that
DM has never been in thermal equilibrium with the SM bath the early universe. Then the relic
density can be built up from a negligible initial value, by SS(ss) — x inverse annihilation
and S — xx decays for sufficiently light DM. Since it is realized via a D =5 operator, the
annihilation process leads to a UV dominated rate. Hence the relic density is sensitive to the
largest temperature, and we need to specify our assumption for the reheating temperature Tg.
In order not to exceed the validity of our EFT, we limit ourselves to Tr below the new physics
scale A.

We compute the relic density with the freeze-in module of micrOMEGAs 5 [270], which takes
the full momentum dependency of the annihilation and decay rates into account. In Fig. 4.24,
we show isocontours of Qxh2 = 0.12 in the m)—yy* plane, assuming y” = y)‘?e and adopting
Tr = 100 GeV. Besides the plotted parameters, the relic density depends on mg and v.. Those
were chosen accordingly to two benchmarks which are described in the next section. As the
values mg ~ 5MeV, v, ~ 5 GeV are comparable in the two benchmarks, the contour lines in
Fig. 4.24 are located close to each other and align in the high m, limit.
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Figure 4.24: Isocontours of correct DM relic density assuming production through freeze-in
and considering the assignations of model parameters for BM1 (red) and BM2
(black). The reheating temperature Tr has been set to 100 GeV.
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Figure 4.25: Left: Constraints in the mg, Sfyf /s plane from [371] and our own analysis, including
the two BM points. For a discussion of the various limits and their shading see
the main text.

Right: Constraints in the ms—y; plane including our two BM points. The couplings
of the heavier mediator are too small to appear.
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4.4.3 Terrestrial and Astrophysical Constraints

Additional interactions of scalars with electrons and neutrinos, as used above to fit the
XENONIT excess via neutrino-electron scattering, are targets of various experimental searches.
The plots in Fig. 4.25 summarize important constraints for electron (left) and neutrino (right)
couplings. In this section we comment on how they apply to our explanation of the XENONI1T
excess in the discussed Zg" symmetric setup, and in a more general subset of eDMEFT operators.
In the final paragraph, we show how a late time phase transition can be realized in our setup
helping to avoid constraints from BBN.

Bounds on electron-neutrino interaction Experiments aiming to observe solar and reactor
neutrinos are well established. They probe very similar physics as XENONI1T, and place an
upper bound on the neutrino-electron scattering rate. Limits on NP scenarios leading to a recoil
spectrum peaking at low energies are typically interpreted in terms of a neutrino magnetic
moment p,. Currently, Borexino and GEMMA provide the best limit of yu, < 2.9x10""up
[372,373]. This is exactly on the edge of the XENONIT excess preferred range of y, = 1.4~
—2.9x107 " up, found by the collaboration in [330], but cannot exclude the neutrino-magnetic-
moment interpretation. This observation is highly relevant for the scenario under consideration
featuring a light scalar mediator. As in the energy range of the XENONIT signal, the recoil
energy distribution of events that are induced by solar neutrinos interacting via a light scalar
(ms < E,), or a magnetic moment, are essentially indistinguishable.

Consequently, an interpretation of the Borexino data in our model will lead to a constraint
that is just on the upper boundary of the preferred parameter region. With the signal and
the expected exclusion so close to each other, the exact position will depend on details of
the experimental data and the statistical procedure, and a naive phenomenological recast is
unlikely to allow for a clear comparison. Thus, we refrain from quoting an explicit limit, and
note that the bound is expected to be closely aligned with the upper edge of the preferred

values of /Y5 y5.

Bounds on electron coupling New states coupling to electrons can be tested thoroughly with
terrestrial precision experiments. In the relevant mass range, the most stringent constraints
come from the anomalous magnetic moment of the electron a.. This is because both the
experimental measurement and the SM prediction are incredibly precise. At the 30 level, a
deviation of a, from the SM expectation is limited to da. < 1.4x 10712 [374,375]. The new
scalars under consideration contribute [376]

sas = W2 me Is(mz) : (4.48)

2
¢ Ar? m? ms

where the loop function is given by

Is(r) = /Oldz #2-2) (4.49)

1—z+42%2r

For ms < me this leads to y5 < 10~° while the limit relaxes for ms> m.. The exact behavior is
shown as the red area in the left panel of Fig. 4.25. Softer terrestrial constraints can be derived
from e*e™ colliders through the process ete™ — s, and dominate for mg ~ O(1 GeV) [371].

In addition, there are a number of bounds on yf * from astrophysical and cosmological

observations. If the mass of the mediator is comparable or smaller than the core temperature
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of a star, the emission of scalars can contribute to the energy loss and change the properties
and dynamics of these astrophysical systems. Strong limits can be derived from red giants
(RG) and horizontal branch stars (HB). We adopt the results of [371,377] where plasma mixing
is considered to be the main production mechanism of the light scalars; for recent analysis on
the stellar cooling impact on NP in other models see [378]. In principle, for m, g < 10keV,
the RG bound excludes couplings y¢ > 107'% and therefore clearly excludes a solar neutrino
interpretation of the XENONIT excess for all reasonable values of y;. The bounds from
observations of HB stars are less severe at low masses, but take over for mgyg 2 10keV.
However, it is conceivable that these constraints can be circumvented in the presence of
additional new physics such as an environment-dependent mass for the scalar similar to the
chameleon mechanism considered in cosmology [379,380]. First attempts to realize such a
solution for theories that explain the XENONIT signal appear promising [381]|. Following
such a reasoning, we consider such astrophysical bounds less robust than the direct laboratory
bounds discussed before, and in consequence draw them as lines removing the shading from
the disfavored regions.

The observation of the supernova (SN) SN1987A sets another constraint for mediator masses
up to O(10MeV), as additional light degrees of freedom would cool the SN too rapidly [382].
Due to the very high density of the SN core for strong couplings, the scalar mediator can be
trapped before leaving the core, thus the limits vanish for higher values of yZ, see left panel of
Fig. 4.25. We consider the limits from [371], where only the resonant production via mixing
with the longitudinal component of the photon is included, and direct production through
Compton scattering or electron-ion recoil is neglected. This is possible for m, < wy, ~ 20 MeV,
where wy, is the photon plasma frequency [383]. The trapping regime for resonant production is
included by using the balance of production and absorption rate, with the requirement of the
scalar to be re-absorbed in a range of R ~ 10km. In this trapping regime, the decay s — ete™
determines the bound for masses 1 MeV < m, < 30 MeV.

Finally, there are bounds from BBN for additional light degrees of freedom entering thermal
equilibrium with e and . On top of an increase of the effective degrees of freedom Neg,
the entropy release from ete™ annihilation is diluted in that case. This leads to a lower
photon temperature during BBN and therefore a higher baryon-to-photon ratio, which causes a
decrease of the deuterium abundance [371]. For ms < 1MeV the robust BBN bound is largely
flat and requires 3 < 1079, but can be circumvented in our setup. A late time phase transition
in the new physics sector can prevent the mixing of s and .S in the early universe, and thus
remove the coupling between the lighter scalar and the electrons at the relevant temperatures.
The mechanism is discussed in more detail below.

Bounds on neutrino couplings New scalar interactions with neutrinos are harder to test than
in the case of electrons. Despite this, robust terrestrial constraints on such additional neutrino
interactions arise from searches for meson decays such as K~ /D~ /n~ — sve™ /u~ [384]. We
show the strongest combination of those in the right panel of Fig. 4.25, assuming a flavor
universal coupling. In case of flavor non-universality, the bounds for electron neutrinos are
slightly stronger. Due to the h — svv process, limits on the Higgs-to-invisible width give
the strongest bound on y5 for my, > ms 2 1GeV [384]. We use the recent ATLAS result of
BR(h — inv.) < 0.13 [131].

The observation of MeV-scale neutrinos originating from SN1987A constrains the neutrino
self-interaction [385]. This is because scattering of the SN-neutrinos with the CvB via the
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new mediators would shift their energy to significantly lower values, and potentially below the
detection threshold. In addition, the SN neutrinos get deflected, which delays their arrival on
Earth. A first bound was derived in [386]. We show the bounds from [385] in Fig. 4.25, where
recent limits on the neutrino masses were considered.

The model under consideration could also have an impact on the amount of radiation in
the early Universe which can be tested via BBN. In particular, the right-handed neutrinos
are dangerous, since fully thermalized each of them will contribute A Neg = 1 while the upper
bound stands at ~ 0.2 [387]. Therefore, the only parameters which are allowed by cosmology are
those where the right-handed neutrinos do not reach thermal equilibrium before the left-handed
ones decouple from the SM bath. Even if the initial population of vy is negligible they can be
produced in neutrino-antineutrino scattering via t-channel s exchange. A good estimate for
thermalization can be obtained by requiring that the production rate v exceeds the Hubble
rate H prior to neutrino decoupling which happens at about 2 — 3 MeV. In our model, the
thermally averaged production rate reads

s\4
5~ (ov)xny ~ I (4.50)

where n,, is the equilibrium number density of neutrinos and (ov) is the thermally averaged
production cross section of vz. By requiring v to be smaller than H we find y5 < 6.3x1075
for ms < 2 MeV, while the bound weakens for larger masses, see right panel of Fig. 4.25 for
details. The contribution of s is less pronounced than in the case of electrons since the absence
of a v bath prevents the direct production of s.

We note that this bound can be avoided if through additional mass terms the right-handed
neutrinos become too heavy to contribute to N.g. This can be realized in our setup by
increasing v,,, generating a more sizable Dirac-mass term that then leads to viable neutrino
masses via see-saw suppression in the presence of large Majorana masses for the right-handed
neutrinos. This would provide a hybrid explanation for the smallness of neutrino masses, which
will however require a refined analysis going beyond the scope of this thesis.

Finally, if the interaction rate of neutrinos is high enough they cannot be treated as a
free-streaming gas and the impact of their interactions has be to included in the Boltzmann
equations governing the evolution of the primordial perturbations, leading to constraints from
CMB. For a heavy mediator, they are (y2/ms)* < (0.06 GeV)~2 [388]. In order for this estimate
to be valid we need my > 10eV, and therefore the limit becomes unreliable towards the lower
end of the mass range considered here.

Benchmark models In order to confront our model for the XENONIT excess with these
astrophysical and laboratory constraints, we define two benchmarks (BMs) that both deliver a
good fit to the excess as given in Eq. (4.44). While we require roughly natural scales for the
model, we are mainly driven by the goal of avoiding the most severe experimental bounds. The
BMs are defined by the independent input parameters:

MI/ Me y;? yf A AVe
BM1 | 18.5keV | 5MeV | 1x10~% | 0.005 | 10TeV | 3x10~*
BM2 | 60eV | 10MeV | 0.06 | 0.005 | 10TeV | 0.001

These lead to the vevs and derived physical couplings:
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vy Ve ys ys Y ys S0
BM1 | 26.5keV | 5.3GeV | 1.8x107% | —4.5x1077 | 8.3x107Y | 9x107° | —=5 x 1073
BM2 | 50eV | 5.9GeV 0.001 —5x10719 | 6x107Y | 8x107° | —6x10°6

They are displayed as red (BM1) and black (BM2) points in the landscape of collected

bounds on yg/ S and y, in Fig. 4.25. Both BMs arrive at a predicted strength for the anomaly
of VySys ~ —(7—9)x 1077, in line with the best-fit value obtained before in Eq. (4.44).
Moreover, they satisfy the positive-definiteness condition M, M, > 2\,.v,v., ensuring a proper
potential minimum.

In both BMs, the choice v, > M, = m, leads to a coupling of electrons to the heavy mediator
of 42 ~ 10™* that just evades the precision bounds for the corresponding mediator masses [371].
Second, the electron coupling to the potentially dangerously light s is suppressed by sg pushing
it into the window above the SN1987a and below the (g — 2). exclusion region for BM1. While
even the electron BBN constraints are evaded in BM2 without further treatment at the price of
a higher neutrino coupling, for BM1, those can be avoided via a late phase transition generating
v, > 0 below T =~ 150keV, as we discuss below.

We note that two different assumptions regarding the neutrino masses can be made, both
are consistent with the BM values and observations.

1) In the case of inverted neutrino-mass hierarchy with m,,s <m,1 ~m,2~ 0.05eV, both v!»?
couple to s with similar strength y3, while the interaction of the lightest neutrino is negligible,
see Eq. (4.36). Since 12 contain almost all electron-flavor content and couple universally to s,
basically no flux from the sun will be lost when considering neutrino-electron scattering in the
detector, thus the analysis described above remains valid.

2) For normal hierarchy with m,1 ~m,2~ 0.05eV < m,3, we assume that both chiralities
of the heaviest state are even under the Z§ symmetry. Therefore, the heaviest state does not
couple to s, while again the electron-neutrino content is almost entirely in the universally

coupling eigenstates v12.

Free EFT description We confront a subset of operators of the general eDMEFT discussed
in Sec. 3.3.1 extended with scalar neutrino couplings to the XENONT1T anomaly, and to the
constraints discussed above. Omitting kinetic and potential terms, the effective Lagrangian is
given by

\/5 s

Cor=—Y2% (4 LLHVE + v Ly Hen + hic) (4.51)

which can be obtained from Eq. (4.29) by neglecting the second scalar singlet, while coupling
the remaining one to both electrons and neutrinos, and removing the Zs symmetries, as well
as the vev of the mediator. In consequence, all fermion masses are solely induced by the Higgs
and y> and yS are now free couplings.

In the left and right panel of Fig. 4.26 the constraints and best fit region in the y -y,
plane are shown for a mediator mass of 60eV and 20keV, corresponding to BM2, and BM1
respectively. For comparison, the coupling values of BM1 (BM2) are indicated by a red (black)
point.

Two regions in the couplings preferred by the XENONIT fit remain potentially valid but
both need extra mechanisms to avoid bounds derived from BBN. The one around 35~ O(10~?)
is excluded by the neutrino BBN bound, which, as discussed before, could be avoided by
additional mass terms for the right-handed neutrinos. The other region around y¢~ O(1079) is
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Figure 4.26: Constraints in the y2-y; plane for a 60eV (left, as in BM2) and a 20 keV mediator
(right as in BM1) and the 1o preferred region from the XENONIT fit (black line).
For comparison the parameter values of the BMs are indicated by points. The
BBN bound on the electron coupling, indicated by the hatched region, can be
circumvent by a late time phase transition.

under pressure from the electron BBN bound. In this case, a late phase transition can remove
the interaction of s and electrons during the relevant age of the universe, thus make this region
potentially viable.

Avoiding BBN Bounds via a Late Phase Transition Here we demonstrate how our scenario
naturally realizes a late Zo-breaking phase transition delaying the coupling of the electron to
the light mediator until BBN has been completed. The scalar potential of our model can lead
to a rich cosmological history in which the Zg symmetries are broken in a stepwise fashion [389].
For simplicity we neglect mixing between the scalars S, S, and the SM Higgs by setting
Ars., = 0. The tree-level scalar potential is then given by

Viree = 52 S2 4+ 12 S2 4+ e 755 + 10, S+ 1), S2. (4.52)

To study the cosmological evolution of this potential we add the one-loop thermal corrections
given by [390]

T4 m? m?
‘/thermal = ﬁ |:JB <,T§> + JB(S>:| 5 (453)

where Jp(a) = [ dzz®In(1 — eV**t®) is the thermal correction for bosonic degrees of
freedom. In the high-temperature limit, the thermal corrections have analytical forms Jp(a) =
—Z—; + ’{—;a + O(a3/2). Since mixing between S, and S, is small, we can take mg = M, and
mg ~ M.. With these approximations, the critical temperature T.o at which a second minimum
((Su), (Se)) = (0,ve) degenerate with the Z§ x Z§ preserving vacuum ((S,), (Se)) = (0,0) forms
is given by

_]_2 2
Tp= Y _—“He (4.54)

T 20+ 3\
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A second phase transition appears once the temperature has dropped to T, at which a non
zero vev of S, forms, with

12 (2X\epid = Aepiy)

T? = . 4.55
B X206 + 30) — 20e(200e + 3)e) (4.55)

For BM1 the first phase transition occurs at around 500 MeV, and the second one at 150 keV.
At this temperature most of the photon heating is completed, and the electron density has
dropped significantly. Therefore, the thermalization rates are starting to be exponentially
suppressed.

4.5 Summary

The search for DM is one of the most important tasks in high energy physics today. This
is reflected by the large number of experiments that probe various potential aspects of DM.
Combining the results from the ongoing experimental efforts is challenging, and requires a
versatile framework that allows for a consistent theoretical characterization of those. The
eDMEFT, which combines DMEFTs with the simplified model approach provides such an
analysis tool.

In the first half of this chapter, Secs. 4.1 and 4.2, we performed a comprehensive survey of
the phenomenology of the eDMEFT with a scalar or pseudoscalar mediator. The measured
DM abundance, constraints from DD and ID experiments, and relevant collider searches have
been considered.

Presenting analytical and numerical results for various DM annihilation cross sections and the
DM-nucleon scattering in the presence of D =5 operators allowed to identify first differences to
simplified models. We turned to an analysis of mono-jet signatures at the LHC, and discussed
searches for scalar resonances decaying to vector-boson, di-jet, and Higgs-pair final states.
Afterwards we approached a survey of the full eDMEFT parameter space. First we explored four
minimal portal scenarios that are realized within the eDMEFT, before turning to interference
effects between various operators. Interestingly, these allow for cancellations in the DD cross
section that lead to blind spots for scalar mediators. Those blind spots would be missed in the
simplified models. Finally, we delivered comprehensive scans including the essential operators,
that show which parameter space regions survive the constraints from DM phenomenology
and collider searches, pointing out new viable regions emerging in the eDMEFT. In particular,
we demonstrated how future XENONNT limits could corner conventional scalar portals to the
dark sector, while in the eDMEFT larger parts in different regions of the mg—m, plane remain
open. We find that a significant part of this parameter space could be in reach of the HL-LHC.
Thus, the complementarity between the different experimental search strategies is highlighted.

We repeated our analysis considering a CP-odd mediator. While the collider phenomenology
is largely similar to the one of scalar mediator there are striking differences regarding DD and
ID constraints. In this case the DD cross section is loop or velocity suppressed and, therefore,
the experimental limits provide a much looser constraint. In contrast, ID is much more sensitive
to pseudoscalar mediators since the annihilation cross sections for a number of relevant final
states is s-wave enhanced. Consequently, this scenario is most constrained for m, < 150 GeV
while the parameter space for heavier DM is largely open. Future experimental data will be
crucial to test this kind of scenario, since the next generation DD experiments will be sensitive
to the pseudoscalar mediated DM-nucleon cross section.
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4.5 Summary

After considering the eDMEFT as general as possible we moved to two slightly extended
setups, which address more specific questions. First, in Sec. 4.3, we considered the eDMEFT
with an additional Zs under which the scalar mediator and the right-handed first generation
fermions are odd. This leads to a suppression of the usual Sy operator, while allowing for
the effective S?yy interaction. Besides enabling to address the smallness of light fermion
masses without generating FCNCs, the changed interaction with the dark sector can give rise
to interesting collider signatures, namely di-fermion+ . To test the related couplings we
confronted those channels with current LHC data and projections for the HL-LHC and CLIC.
To derive more strict limits we restricted ourselves to either a lepto- or hadrophilic mediator,
remaining with a partial explanation of the smallness lepton masses. An interesting finding is,
that in this portal colliders are sensitivity even to m, > mg/2, a case typically out of reach
(due to resonant DM production). In addition we computed the relic density and DD rates in
the favorite parameter space, and found that is possible to have collider signatures together
with a valid DM phenomenology.

In the last part of this chapter, we investigated the excess in low energy electron recoil events
recently reported by the XENONIT collaboration. To this end we added to the eDMEFT
scenario from Sec. 4.3 a second Zs-symmetry assigned with an additional scalar, connected
to neutrino mass generation. We found that the recoil energy spectrum for conventional DM-
electron scattering peaks at lower values than needed to explain the excess. Even after taking
the electron bound state and experimental conditions into account, the fit only marginally
improves compared to the background-only hypothesis and conventional DM does not provide a
convincing explanation. On the other hand, the new neutrino-electron coupling induced by the
embedded light-lepton mass mechanism predicts a significant neutrino-electron scattering cross
section. Including this, the fit prefers a light scalar with an averaged neutrino-electron coupling
of /ySys =~ 7.9 x 10~7 with more than 20. In general, the parameter space that allows for
a successful explanation of the XENONIT excess is constrained from various experiments.
While bounds from terrestrial experiments can be avoided comparatively easily, the ones from
cosmology and astrophysics are more constraining, in particular BBN bounds on a light scalar
coupling to electrons. The rich scalar sector of the framework naturally allows for a late time
phase-transition in the early universe which forbids the constrained scalar-electron coupling
during BBN. In addition, contributions to the right-handed neutrino masses are required in
order to avoid their thermalization prior to BBN. Once both are taken into account, there
are solutions that comply with cosmological observations. The remaining strong tension with
astrophysical bounds from stellar cooling can potentially be circumvented with a more complex
new physics sector. A currently investigated approach with a environmental dependent value
for the vev is promising [266]. While a explanation of the excess with new physics is a exciting
possibility, in light of stringent constraints from other observations this potential sign of BSM
physics should be taken with a grain of salt. Luckily, the upcoming run of the XENONnT will
be able to weigh in on this question in the near future and either strengthen the excess or rule
it out conclusively.
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Chapter 5
Conclusion

The search for DM is one of the main topics of modern particle physics. It is tackled by a
great variety of experiments and an ongoing progress in theory. On the experimental side it
has initialized the development of new detector technologies and lead to an unthinkable gain
in sensitivity. The prime example is DD, which might be able to detect the neutrino floor of
coherent scattering in the near future. The theoretical purpose is to embed DM in a more
fundamental theory of nature, since DM is among the observationally best-established evidence
for BSM physics. To this end, new models have been developed and refined to characterize
various DM candidates. The theory progress has helped to design new experimental approaches
with observables from laboratory to cosmological scales.

From the particle-physics perspective, a special focus lies on collider-based DM searches,
which have shaped the theory development significantly. In the last decades the discoveries of
new particles at colliders have vastly improved our understanding of physics at the smallest
scales. In the future such a discovery would be one of the most unambiguous ways to establish
BSM physics. Although not fully designed for DM searches, colliders could play a crucial
role in reliably investigating the connection between DM and the SM, as the physics and
the experimental backgrounds there are well understood. On the other hand, the important
cosmological properties of a DM candidate cannot be determined at colliders. In the case of
a discovery of an invisible state at the LHC, the connection with DD and ID results could
determine those properties. Therefore, the combination could establish whether such an
invisible state could potentially be DM. The need to combine results from several experimental
approaches to discover DM represents a strong reason for a consistent theoretical description of
DM. Compared to DD and ID, the demand for concrete particle frameworks is even higher at
the LHC to identify relevant kinematic regions. In the absence of direct hints for new particles
at the LHC, the development has focused on more model-independent approaches with a less
specified particle content than e.g. supersymmetric models. Frameworks to describe the dark
sector are of course not unique, and they come with different advantages and drawbacks.

Especially for the interpretation of DD results, the DMEFT is commonly used. It only
considers SM fields and a DM candidate. In the much higher-energetic LHC collisions the
probed momentum transfers can be of the same order as the obtained limits on the cutoff
scale. This leads to a breakdown of the underlying assumption of well-separated scales. These
problems with the validity have lead to the development of simplified models. In those
models a mediating state is explicitly taken into account, which significantly improves the
kinematic behavior at the LHC. However, to keep those models rather generic and simple,
they commonly do not respect the SM gauge group. It has been shown that in general the
required UV contributions to the probed mono-X channels cannot be fully decoupled. In
addition, the experimental collaborations are interested in theoretical frameworks which allow
the investigation of more mono-X channels to use as much of the collected data as possible.
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To overcome these problems, the next-generation simplified models have been developed
and experimentally tested in the last years. Those models usually feature an extended scalar
sector, which restores gauge invariance. The resonant enhancement of mono-X cross sections
allows for the investigation of a broader variety of channels. Besides many advantages, they
come with a non-negligible bias on the new particle content, and transferring obtained limits
to more complex theories is not directly possible due to the specific production mechanism.
The eDMEFT has been designed to provide a more versatile, and consistent gauge-invariant
framework by combining the advantages of DMEFT and simplified models. To this end, a
DM candidate and an explicit (pseudo)scalar mediator is added to the SM field content via
effective interactions. The eDMEFT can combine several observational constraints, and opens
up parameter space, which would be excluded by DD in simpler approaches. Those regions
might be testable at the HL-LHC, even though mono-X cross sections tend to be smaller
than in the next-generation simplified models, due to the absence of resonant production.
Investigating these two different approaches to characterize DM was the main topic of this
thesis.

In Chapter 2, we discussed the 2HDM-+S and 2HDM+PS as examples for next-generation
simplified models. The scalar and fermionic sector of both models consists of two Higgs doublets,
an additional (pseudo)scalar singlet, and the DM candidate. The parameter space can be
narrowed down via several assumptions motivated by experimental and theoretical requirements.
These general constraints have also been established by the experimental collaborations. In
addition, the aim for strong signals, and a comparable baseline for both models defines a
rather small parameter set. These parameter are tested in dedicated collider searches. The
analysis focuses on searches for #f resonances, mono-Z and mono-h signals. A detailed collider
phenomenology of the 2HDM+S, and the model comparison was performed for the first time
in Ref. [80], on which this discussion is based. While all three channels are relevant on their
own to test BSM scenarios, they also feature an intriguing interplay to distinguish the two
models under consideration.

The tt resonance search provides strong limits on the masses of the new heavy scalars.
Those limits are basically independent on the additional mediator. Hence, they lead to similar
constraints in both models, and exclude small values of tan 8. The strongest bounds on the
mediator mass are obtained from mono-Z searches. Both models feature comparable cross
sections in this channel. The conservative estimates for the mono-h exclusion are weaker
than the ones from mono-Z. However, they differ significantly between the 2HDM+S and PS
opening the possibility to distinguish them at the LHC. In case of a signal detection in one
or both channels, disentangling the two models would be possible by comparing the ratio of
signal strengths. In addition angular variables, and especially astrophysical tests would help to
further separate the models. The mono-Z and mono-h channels are also of great interest due
to their statistically dominated uncertainties. Therefore, significant improvements in sensitivity
are expected by upcoming LHC runs. We exemplarily estimated this gain in the mono-Z
channel for different future collider scenarios, and found significantly stronger bounds. The
2HDM+S/PS prove to be powerful benchmark models for the LHC, with a non-trivial interplay
between a broad range of experimental signatures.

In Chapter 3, we briefly revisited some general EFT properties to set the theoretical
background for the second approach to DM models discussed in this thesis. In addition, we
discussed an example of a new physics search beyond DM. The Higgs sector is crucial for our
understanding of the SM, and sensitive to a variety of BSM scenarios. Precision measurements
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Chapter 5 Conclusion

of this sector are capable to uncover new physics contributions too heavy to be produced
directly. The Higgs decay to a Z boson and a photon is so far unmeasured and challenging.
We proposed a search in the tt-associated production channel, which features a bigger signal to
background ratio than, for instance, gluon fusion production. Our analyses showed that this
channel could potentially lead to a discovery of the decay already at the HL-LHC. A subset of
SMEFT operators is used for a model-independent characterization of potential deviations
from the SM prediction. The estimated sensitivity allows us to set limits on a so-far weakly
constrained combination of SMEFT operators.

In Chapter 4, we investigated the phenomenology of the eDMEFT in various scenarios. The
effective operators connecting the additional (pseudo)scalar mediator to the SM account for
more complex BSM contributions. Interestingly, the leading effects arise at D =5, leading to a
limited number of operators. We started with an in-depth study of the parameter space for
a scalar mediator. To connect with previous results, we showed how simplified models are
embedded in the eDMEFT as a subset of now gauge-invariant operators. Differences to the
simplified models occur, for example in the scaling of annihilation cross sections for the relic
density. An advantage of the eDMEFT is that those simple portals to the dark sector can be
consistently enlarged by additional operators. This allows the presence of blind spots that open
up parameter space previously excluded by DD. To fully unfold the potential of the eDMEFT,
we performed generic parameter scans taking all relevant constraints and operators into account.
While the exclusions are mainly driven by DD, current collider experiments, especially mono-jet
searches, tend to constrain only limited regions of parameter space. Nevertheless, collider
searches can be important to close blind spots, since those regions might also survive future
DD experiments. We carried out a similar analysis for the pseudoscalar mediator. For this
case DD and Higgs constraints are basically absent. In contrast, ID can play an important role
for certain parts of the parameter space, and collider constraints tend to be slightly stronger.

While it is a drawback that the interplay and cross sections of mono-X signatures are smaller
in the eDMEFT framework than in next-generation simplified models, it is not completely
unexpected. As pointed out in the discussion of the next-generation simplified models, the
collider signals there rely on the specific mass hierarchy in the extended scalar sector enabling the
resonant enhancement. On the other hand, the eDMEFT naturally provides more annihilation
channels for the DM to obtain the correct relic density. In the (next-generation) simplified
models without further BSM contributions this is only possible in rather tuned kinematic
regions often excluding the interesting collider phenomenology.

After these general considerations, we investigated two slightly more specific scenarios of
the eDMEFT with particular phenomenological interest: di-fermion plus Fp signatures, and
the XENONIT excess. In both cases the required set of operators can be motivated by
additional symmetries, which are potentially related to the lightest fermion masses. In the
first scenario, only the mediator and the first right-handed fermion generation are odd under
a new Zs symmetry. The masses of those fermions are generated by spontaneously breaking
this symmetry. Furthermore, the usual renormalazible DM interaction is strongly suppressed.
Therefore, the DM phenomenology is dominated by the bi-quadratic interaction of the mediator
with DM. It can lead to uncommon 1 signatures at the (HL-)LHC and potential future
electron colliders. A remarkable feature due to the kinematics of the bi-quadratic portal is
that the sensitivity reaches beyond the threshold where the mediator can decay to DM. The
combination of DD and those collider searches can probe large regions of the parameter space.

For the second scenario we extended the eDMEFT by two Z35" symmetries, which are
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spontaneously broken by two companion scalars. In this way, the generation of electron and
neutrino masses is possible. The setup facilitates a generic characterization of the excess in
low-energy electron recoil events recently announced by the XENONIT collaboration. A DM
recoil barely leads to an improvement of the fit, since the recoil energy of cold DM is too small.
On the other hand, electron-neutrino scattering mediated by the lighter scalar can improve the
fit significantly. New scalar interactions of electrons and neutrinos are severely constrained by
several laboratory and astrophysical observations. We revisited the most important bounds,
and showed that most of them can be circumvented by appropriate choices of parameters, and
non-trivial mechanisms embedded in the framework. In case the signal gets confirmed to be of
BSM origin, this analysis showed that a non-minimal new physics sector is needed to explain
it, in agreement with other observations.

To further establish the connection between UV-complete models and the eDMEFT performing
matching calculations in increasing complexity would be an interesting future task. The validity
range of those calculations could be verified by comparing the reach in certain observables
between the two models. A promising signature is mono-h, potentially combined with mono-jet
searches. Matching of various complete models could give hints towards typically connected
operators, and would allow constraints derived in the eDMEFT to be easier applied to those
models. We also mentioned several assumptions throughout the work, for instance vanishing
couplings, or the MFV ansatz for the Yukawa sector. In a future, more general analysis, those
could be loosened. Together with taking more observables into account, this will lead to a
significantly enlarged parameter space. In order to handle this, the use of more advanced
techniques will become necessary, for instance machine learning in the context of EFTs [391-393].
While we already studied some collider signal in detail, more refined studies of existing analyses
for a particular set of operators would be a tempting task. In the spirit of Sec. 4.3, designing
new search channels could help to investigate the eDMEFT further, and to derive limits from
new sources.

While DM is among the clearest hints towards BSM and a more fundamental theory of
nature, the road to a discovery is long. Similar to the fact that different experiments are
needed to approach this purpose, it seems that also having a variety of theoretical tools can
be very useful. Therefore, the two approaches investigated here set different priorities. The
2HDM+S/PS allow for the exploration and combination of (new) mono-X channels at colliders.
The eDMEFT enables the consistent analysis of a broad range of experimental searches and the
connection to various UV theories. It will be exciting to see which direction will be preferred
by upcoming observations.
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Appendix A

Formulae for the Decay Widths

In this appendix we give analytic expressions for the dominant branching ratios of the spin-0
states in the 2HDM+S/PS as partially shown in Sec. 2.1.3.

We focus on the mass hierarchy Ma, My /g, My+ > M,;s,, My, the alignment limit, and
tan = O(1). The values of €7, denoting the ratio between the Yukawa coupling of the fermion
f in the different types of 2HDMs and the SM value y; = V2m /v, are given in Table 2.1. In
the following we use the abbreviation 7; ; = 4M? /M ]2

Scalar Model

Higgs Boson h In the decoupling limit the couplings of h with the SM states substantially
coincide with the ones for the SM Higgs boson. However its total width can deviate from
the SM prediction, because of the eventual presence of additional decay channels. The most
relevant is the one into a pair of So states, if kinematically allowed. As the total Higgs width
is small, also three-body decays can be relevant. The additional widths are given by

1
F(h — SQSQ) = 3277_‘_ gl%SzSg Mh \/ 1— TSy,hs (Al)
T (h — Sax¥ L M 20(1 - rg,)%2 A2
2XX) = 39,3 Iinsr55 Mh 9(Ts,0) cos* 0 (1 — 1y 5,)° 7, (A.2)
Nf Y2
T (h— Ssff) = # Trsnsy Mi g(7s,0)sin? 0 (1 — 77.5,)%2 (A.3)
with [154]

o= T o) - = e () e ()]

95282 = 310 (M7 —2(MZ, — MZ,) cos® ) sin® 6. (A.5)

Light Scalar S The light scalar So mostly decays into gg, ff and xx (direct couplings with
gauge boson are forbidden in the alignment limit), depending on its mass. We quote the
corresponding decay widths and the loop-induced one into gluons, which are useful for the
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interpretation of the collider studies:

o .
[(S2 = g9) = 155 sin®0 ) " e2yr Fs (14,5,) (A.6)
q
_ ch €2 y?
D(Sy = ff) = == Ms, sin® 0 (1 —17.5,)"”, (A7)
2
Y
['(Sy — xx) = ﬁ Mg, cos?6 (1 — TX752)3/2 , (A.8)

with the scalar loop function [139,275]

Fs(z) = |1 + (1 — z) arctan® (A.9)

r—1

Heavy Scalar S; Besides the cos?f term due to mixing with the additional singlet the
couplings of the heavy scalar to SM fields remain similar to the ones known from 2HDMs.
Additional decay channels are x¥, S5, which is very small for our parameter choice, and hSs
important for the mono-h signal. The analytic expressions are given by

I'(S; — g9) = 16 3 Mg, cos? 0 Ze yq Fs(145,), (A.10)
Nf f yf 2 3/2
L(S— ff) = o Mg, cos®0 (1 —717,6,)7", (A.11)
2
_ Y .
T (S; — xX) = 87; Mg, sin?0 (1 —71,6,)%?%, (A.12)
1
['(S) — S95;) = or 92, 5,9, Ms, /1 =75, 51, (A.13)
1 AY2(Mg,, My, Mg,)
r h) = — SRR XA A.14
with
1 9 9 —3sin?0 .
9515585 = m <Msl + 2M52 w )\HHS ’Us> sin 6 COSG, (A15)
1
981hSy = Va0 (Mh + (MS1 MgQ) cos 260) sin § cos 6. (A.16)

Furthermore, we have introduced

A(mi,ma, m3) = (mf —m3 — m%)Q — 4m3mi. (A.17)

Pseudoscalar A Besides the partial widths known from 2HDMs, the heavy pseudoscalar
features an additional decay channel to SoZ. The analytic expressions for its dominant decay
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Appendix A Formulae for the Decay Widths

widths are given by

2
as
DA = g9) = 1oz Ma S22 Fp (7). (A1)
q
N/ 7 Yj 2
(A= ff)= BT My (1—71p0)"7, (A.19)
1 A/2(Ma, Ms,, M)
F (A — SQZ) == ]_677]' Mi '1)22 ; (AQO)
with the pseudoscalar loop function [139,275]
1P
Fp(z) = x |arctan® i1 (A.21)

Charged Scalar H* For completeness also the partial widths of H* to quarks and the new
spin-0 state plus a W* are given

T (H" — th) = 16% N Vg2 y? My= (1 — 7+ /4)% (A.22)
[ (H = 5,W*) = 16% Aw(MEﬁ}ﬁi“Mm cos” 0, (A.23)
T (H* — AWF) = 16% A3/2(Mj\fgj\f;" Mw) (A.24)
T (H* - SoW™) = % Am(M]I(E i\ZiQ’MW) sin? 0, (A.25)

where in I' (H — tb) terms of O(mi/M%.) are neglected, and I'(H* — hW*) vanishes in
the alignment limit.

Pseudoscalar Model

The results in this section are taken from [,61| and transferred to our notation. The features
are very similar to the ones in the previous section.

Higgs Boson h  Again the couplings of h to quarks and gauge boson pairs are identical to
their SM values. Its total width can be enlarged by additional two and three body decays
given by [154]:

1
T (h— aa) = e GRa My (1= Tap) "2, (A.26)
2
I'(h— axyx) = 327;;3 gfma M, g(TaJl) cos2 0 (1-— 7'X7a)1/2 , (A.27)
ch €2 y2
U (h—aff) = ﬁ Ga My g(7ap) sin® 0 (1 — 774) "2 (A.28)
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with ¢g(7) given in Eq. (A.4) and
1
Than = —— [ (MP — 2M% + 4M2%s — 2M2 — 2)30°) sin 6
th
— ()\Hp cos? B + Aggp sin? B) v? cos? 0} .

Light Pseudoscalar a The partial widths of a to gg, ff and xx are given by

2

I(a—gg) = 163 M, sin HZEqu Fp(14.4),
Nfe
(a%ff)—iirnysm (1 Tf,a)l/Q,
y2
(@ — xX) = =X Mycos®0 (1 —14)"?,

8T
where Fp is given in Eq. (A.21).

(A.29)

(A.30)

(A.31)

(A.32)

Heavy Pseudoscalar A The dominant partial widths of the heavy pseudoscalar are given by

2
o
I'(A— gg) = F A COS (926 quP(TqA)
q

che y
(A—>ff) #MA cos 9( 7'f7A)1/2,
(A -\ yi . 2 1/2
( —>Xx)—§MAsm (1 —74)"",
1 AYV2(Ma, Mo, My)

T (A — ah) = E M, 9Aahs

with
1
Gah = —— [M}j — oM — M2 +4M%. — M?
Mywv
+ ()\up cos? B+ Aggpsin? 3 — 2)\3) 1)2] sin 0 cos 0.

Heavy Scalar H The partial widths to gg and ff, aa and aZ are given by

2

«
T(H — g9) = 15 Mu 262 Ya Fs (1q,1)
Nf y
L'(H—ff)= 77Tf My (1—7171)"?,
1 1/2
F(H—> aa) = % gHaaMH (1—Ta,H) / s
1 N3/2(Mpg, M, My)
I'(H—aZ)=— il in? 0,
(= aZ) = 1 M3 v? o

(A.33)

(A.34)
(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)
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with
9Haa = ]lev [cot (28) (2M} — AMF, + 4M3. — 2XA30%) sin® 0 (A.42)
+ sin (28) cos? 0 v* (A11p — Ao2p) /2} ,
denoting the Haa coupling and A is given in Eq. (A.17).

Charged Scalar H* Since in the alignment limit the HThW ™ vertex vanishes, the partial
decay widths of the charged scalar H* relevant for small tan 3 are given by

B Nt 2.2 2
T (H" — th) = W Mys (1—75:/4)°, (A.43)
1 N2(Mp+, My, My)
I (HY - HW*) = — o A.44
( ) 167 MinQ ’ ( )
1 N2(Mys, Ma, Myy)
[ (HY - AWF) = — b R 29 A.45
(B = AWZ) = 3 M, 02 cos b (4.45)
1 N/2(Myx, M, Myy)
+ +\ _ H*, Vig, VLW . 9
F(H — G/W ) = E Mzi’[}2 Sin 9, (A46)

where in the case of H* — tb we have neglected terms of O(mZ /M%) again.
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Appendix B
Likelihood Analysis

This appendix we give details about the likelihood formalism used in Sec. 4.3.2.

Likelihood Function To derive exclusion regions, a binned likelihood function is used [231]
similar to the one in CheckMate [135]. For the number of events n; in the i-th bin

L(u; 05’7 HB) — H [¢(N79TLS;7'9B)] ’ e_()b(lhes,eB) 6_(9%+9%)/2, (Bl)
with
¢(u,0,0p) = p.Ses% + B 770" (B.2)
and
AS AB
US—?, O'B—?. (Bg)

Here, S and B are the predicted numbers of signal and background events, respectively, while
s p are nuisance parameters incorporating the corresponding uncertainties AS and AB.
Finally, the variation of the signal strength with the input parameters, given in Sec. 4.3, is
parameterized by the signal-strength modifier p, which is normalized for fixed yf /A and masses
such that p = (y;?/A)2.

To test the compatibility of different values for p with data, we use the profile likelihood
ratio [231]

S‘(M) - L(iu0s.05) for i >0,
L(0.65(0).05(0))

(B.4)
for i < 0.

Here, ég(p), éB(M) maximize L for the given value of p, while ji, fs, 85 correspond to the
unconditional (global) maximum appearing in the denominator. The latter ones are called
unconditional Maximum Likelihood (ML) estimators. The lower case in Eq. (B.4) accounts
for the fact that we can only have a positive signal contribution. Finally, for the numerical
analysis it is convenient to use the test statistics [231]

qu =

. —2InA(p) for p<p
= ’ B.
{O for 1 > p, (B-5)

to set upper limits (with higher values corresponding to less compatibility), for which we use
the python package iminuit [394].
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Appendix B Likelihood Analysis

P-Value We assume that the true underlying theory features p = 0, i.e. we expect to see
only background events and want to derive projected experimental exclusion regions on . In
general, to quantify the agreement between a (potentially) observed measurement and a signal
hypothesis 11> 0 leading to a certain g, ons, the p-value

b= [ Sl da, (B.6)

,0bs

is calculated. Here, f(g,|p') is the probability density function of ¢, under the assumption that
the data is distributed according to a true p = y/, while the subscript in the first argument
denotes the hypothesis being tested. This quantifies the probability that, given the true signal
strength is p, we will observe a value of g, at least as large as g, obs. As we want to derive
expected upper limits from future experiments assuming no signal to be present, we will use
the median value of the corresponding distribution, f(g,|0), for g, .bs- Finally, working at the
95% confidence level, we will solve for the value of 4 that leads to p, = 0.05.

To obtain the distributions f(g,|u") without performing large number of Monte Carlo
simulations, we use the asymptotic formulas derived in Ref. [231]. Those are valid for a
sufficiently high number of events in each bin, which is fulfilled in our case.! While in the
case ' = p, f(qulp) is given by a simple half-y2-distribution, for obtaining the median of g,
according to f(g,|0) the so-called Asimov data set is used [231]|, where all estimators obtain
their true values. This data set can be approximated via large MC simulations. We assume
that our initial sets are large enough and use the fitted distributions as Asimov data. With
this, the corresponding likelihood function and test statistics can be evaluated, which are
denoted L4 and g, 4. The variance needed to obtain f(q,|0), is then given by 04 = p?/q,,a
assuming background-only. In practice we can use the Asimov value ¢, 4 for the median
of [G,|0] according to [231]. Hence the expected p-value for a signal hypothesis becomes
ppy=1-2 (\/m) , with ® being the cumulative Gaussian distribution. In the end, p, is
evaluated for varying u to find p, = 0.05.

We have checked the approximate agreement of the asymptotic formula with generated distributions for
several values of u.
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